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Abstract

Abstract

TLR4 interactor with leucine rich repeats (TRIL) was originally described as a
protein required for Toll-like receptor 4 (TLR4) signalling. This thesis provides new
insights into the function of TRIL within TLR signalling and uncovers the in vivo role of
TRIL in bacterial and viral infection.

Initial localisation studies demonstrated that TRIL is differentially localised in a
cell type specific manner. It is expressed intracellularly within human astrocytoma
U373 and human monocytic THP-1 cell lines, whilst in HEK-293T cells it is found on the
plasma membrane. Further investigation revealed that intracellular TRIL colocalises
with the early endosome and the endoplasmic reticulum (ER), but not the
mitochondria, or the Golgi structures. The endosomal localisation of TRIL can be
further boosted by LPS stimulation.

TRIL is induced following stimulation with the TLR3 agonist Poly(l:C). When
overexpressed TRIL positively regulates interferon stimulated response element (ISRE)
and kB luciferase activation, as well as IL6 and RANTES production in response to
Poly(l:C) in U373 cells. TRIL directly interacts with TLR3, but not with the plasma
membrane associated TLR2. Stimulation with Poly(l:C) enhances the TRIL-TLR3
association, most probably via the increase in TRIL and/or TLR3 expression. TRIL is also
capable of direct association with the TLR3 agonist Poly(l:C), pointing towards a
function for TRIL in ligand delivery.

Silencing of TRIL using specific sShRNA, led to impaired TLR3 responses, resulting
in reduced ISRE luciferase activity, RANTES and type | interferons (IFNs) production.
TRIL deficiency had no impact on TLR2 mediated responses, demonstrating the
specificity of this protein in TLR3 signalling. Further studies into the role of TRIL using
primary murine mixed glial cells confirmed that TRIL is induced by Poly(l:C) and LPS
stimulation. Additionally, TRIL deficient primary mixed glial cells demonstrated
diminished mRNA and protein levels for IL6, RANTES, TNFa and IFNf in response to
TLR4 and TLR3 ligand stimulation, with responses mediated by TLR7/8 and TLR2

remaining unaffected.
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Abstract

Examination of primary bone marrow derived macrophages and dendritic cells
(BMDMs and BMDCs) derived from wild-type and TRIL deficient mice demonstrated no
differences in response to LPS and Poly(l:C) stimulation consistent with the low
expression of TRIL detected within these cells.

In vivo investigation into the function of TRIL further confirmed its importance
in a TLR4 mediated response. TRIL deficient mice were found less susceptible to E.coli
induced acute peritonitis. Decreased expression and production of proinflammatory
cytokines was detected within the brain, peritoneal lavage and serum of TRIL deficient
mice.

Additional in vivo studies revealed a role for TRIL in the antiviral response to
neurotropic vesicular stomatitis virus infection. Mice lacking TRIL demonstrated
reduced levels of antiviral mediators such as RANTES and VIPERIN largely in the brain.

This study therefore further characterises TRIL as a regulator of TLR signalling
pathways. A new role for TRIL in TLR3 signalling has been uncovered and the in vivo
function of TRIL in the fine-tuning of the innate immune response during bacterial and

viral infection in the brain has been revealed.
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Chapter 1 Introduction

1. Innate immune system

The innate and adaptive immune systems are synergistic constituents of the
immune system, which provide comprehensive protection against invading pathogens.
The innate immune system is the first line of defence, whereas the adaptive immune
system acts later on in an infection and leads to the formation of immunological
memory (Janeway, 1992).

A key feature of the innate immune system is self/non-self discrimination,
mediated by germ-line encoded pattern recognition receptors (PRRs). PRRs are
expressed on the cell surface, within subcellular compartments or in a secreted form in
both immune and non-immune cells (Kawai & Akira, 2008). PRRs are responsible for
recognition of highly conserved microbial and viral components known as pathogen
associated molecular patterns (PAMPs) (Janeway, 1992), as well as host derived
danger and/or damaged associated molecular patterns (DAMPs), released in response
to stress, tissue damage or upon necrotic cell death (Bianchi, 2007). Activated by
PAMPs and/or DAMPs PRRs trigger an immediate inflammatory response, mediated by
several conserved signalling pathways leading to production of proinflammatory
mediators as well as subsequent priming of the adaptive immune system.

PRRs have been classified according to their subcellular localisation, molecular
structure, and recognition repertoire into two main classes: the membrane bound
receptors consisting of Toll-like receptors (TLRs) and C-type lectin receptors (CLRs), and
the cytoplasmic sensors comprising retinoic inducible gene-i (RIG-l)-like receptors
(RLRs), nucleotide oligomerisation domain (NOD)-like receptors (NLRs), and cytosolic
nucleic acid sensors.

This project concerns the characterisation of the role of a protein termed TLR4
interactor with leucine rich repeats (TRIL). | will now describe the main receptors and
signalling pathways in innate immunity and our current understanding of the role of

TRIL as an accessory molecule in TLR4 signalling.
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1.2 Pattern recognition receptors (PRRs)
1.2.1 NOD-like receptors (NLRs)

The NOD-like receptors (NLRs) represent a large family of cytosolic receptors.
The first group of NLRs to be identified were NOD1 and NOD2 receptors responsible
for the recognition of bacterial peptidoglycan and triggering of both nuclear factor-KB
(NF-xB) activation and type | IFNs production (Strober et al, 2006). In addition, NOD2
has been linked with sensing viral RNA (Sabbah et al, 2009). The other NLRs comprise a
large group implicated in the recognition of PAMPs and various DAMPs and leading to
the assembly of multi-protein inflammasome complexes, mediating activation of
caspase-1 and subsequent processing of pro-IL1f3 and pro-IL18 into their active forms
(Franchi et al, 2012; Kanneganti, 2010; Schroder & Tschopp, 2010). Although the
recognition of intracellular PAMPs/DAMPs and the regulation of IL1f and IL18
production are considered as primary functions of the NLRs, their contribution to
innate immunity is far more complex as they have also been found to play a role in
mediating the proinflammatory forms of cell death pyroptosis and pyronecrosis

(Kroemer et al, 2009) and also in autophagy (Cooney et al, 2010).

1.2.2 C-type lectin receptors (CLRs)

The CLRs are a large family of transmembrane and soluble receptors
characterised by the presence of one or more carbohydrate recognition domains
(CRDs) and responsible for sensing of carbohydrate structures derived from pathogens,
such as bacteria, viruses and fungi in a calcium dependent manner. The
transmembrane CLRs can be divided into two groups, group | CLRs, which belong to
the mannose receptor family, and group Il CLRs comprising the asioaloglycoprotein
receptor family and including the DC-associated C-type lectin 1 (dectin 1) and DC-
immunoreceptor (DCIR) subfamilies (Geijtenbeek & Gringhuis, 2009). CLRs are widely
expressed on different cell types such as macrophages and dendritic cells. Activation of
CLRs leads to the internalisation of the pathogen, its degradation and subsequent
antigen presentation. CLRs also trigger various signalling cascades depending primarily

on NF-xB activation leading to the production of proinflammatory mediators and
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involving crosstalk with other PRRs (Geijtenbeek & Gringhuis, 2009). CLRs can
synergise with, antagonise, or modulate signals from other receptors, such as TLRs,
thereby fine-tuning the response to infection or damage (Hardison & Brown, 2012).
CLRs are also implicated in gene transcription regulation, activation of endo- and
phagocytosis and modulation of cell adhesion and migration (Osorio & Reis e Sousa,

2011; Robinson et al, 2006).

1.2.3 RIG-I like receptors (RLRs)

The RLRs are a family of RNA helicases composed of three members: the
retinoic acid inducible gene-l (RIG-I), melanoma differentiation associated gene 5
(MDA?S), and laboratory of genetics and physiology 2 (LGP2), which are crucial for the
antiviral response. RIG-1 and MDAGS sense various forms of viral dsRNA and ssRNA, such
as 5' triphosphorylated, uncapped ssRNA, as well as short and long forms of dsRNA.
MDAS acts also as a primary sensor of synthetic dsRNA, Poly(l:C). Upon activation,
residing in the cytoplasm in an inactive form RIG-I and MDAS undergo conformational
change. Generated multimeric forms of RIG-I or MDAS subsequently interact with the
adaptor molecule mitochondrial antiviral signalling protein (MAVS), which initiates
signalling cascades leading to the activation of the transcription factors IRF3/7 and NF-
kB and the production of proinflammatory and antiviral mediators. In contrast LGP2
was demonstrated to act as a regulator of both RIG-I and MDAS (Bowie & Fitzgerald,
2007; Kawai et al, 2005; Meylan et al, 2005; Schlee et al, 2009). The RLRs are expressed
in numerous cell types such as fibroblasts, epithelial cells, conventional dendritic cells,
as well as microglia and astrocytes (Furr et al, 2008), where they are responsible for
sensing of various groups of RNA viruses. RIG-I recognises the respiratory syncytial
virus (RSV), vesicular stomatitis virus (VSV), Sendai virus (SeV), hepatitis C virus (HCV),
Japanese encephalitis virus (JEV), and Influenza A and B virus. MDAS5 detects
picoranviruses and acts as sensor of encephalomyocarditis virus (EMCV) and Theiler’s

virus (Kato et al, 2006; Loo et al, 2008; Thompson et al, 2011).
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1.2.4 Sensors of cytosolic DNA

The dsDNA sensors are PRRs implicated in the recognition of various forms of
cytosolic DNA, including DNA derived from viruses, bacteria and apoptotic host cells.
These include the DNA dependent activator of interferon (IFN) regulatory factors (DA
or ZBP1) (Takaoka et al, 2007); the RNA polymerase Il (Pol Ill) (Ablasser et al, 2009),
the leucine rich repeat in flightless | interacting protein 1 (LRRFIP1) (Yang et al, 2010b),
the DExD/H box helicases (DHX9, DHX36, DDX41)(Kim et al, 2010; Zhang et al, 2011b),
the recently identified Ku70 (Zhang et al, 2011a) and IFN inducible protein 16 (IFI16)
(Unterholzner et al, 2010), which is a member of a larger family of proteins named the
pyrin and HIN domain containing (PYHIN) family.

The cytosolic DNA sensors recognise various DNA structures such as Z and B-
forms of dsDNA, detected by DAI and LRRFIP1 (Takaoka et al, 2007; Yang et al, 2010b),
CpG-DNA sensed by DHX9 and DHX36 (Kim et al, 2010) and AT-rich dsDNA transcribed
by the RNA polymerase Il into 5 triphosphate dsRNA (5'ppp RNA), serving as a ligand
for RIG-I (Ablasser et al, 2009). Additionally, recent studies have uncovered a new
dsDNA sensor termed cGAS, which catalyses formation of cyclic dinucleotides (c-di-
AMP/GMP) in response to dsDNA, which are subsequently recognised by DDX41 and
adaptor molecule stimulator of IFN genes (STING) (Civril et al, 2013; Parvatiyar et al,
2012; Sun et al, 2013; Wu et al, 2013).

The majority of the DNA sensors trigger activation of the transcription factor
IRF3 mediated by STING and leading to production of type | IFNs (Atianand &
Fitzgerald, 2013; Paludan & Bowie, 2013). However, some of them trigger additional
signalling pathways. DDX41 activates NF-kB and MAPK signalling cascades. LRRFIP1
triggers IFNB production via the specific -catenin dependent pathway (Yang et al,
2010b). Ku70 induces type il rather than type | IFNs through the activation of IRF1 and
IRF7 (Zhang et al, 2011a). In addition the PYHIN family members AIM2 and IFI16 trigger
formation of the inflammasome complex (Atianand & Fitzgerald, 2013). Recognition of
DNA by cytosolic DNA sensors has been associated with a beneficial immune response

to pathogenic infection as well as detrimental recognition of host DNA leading to
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autoimmune diseases such as amyotrophic lateral sclerosis (ALS) (Atianand &

Fitzgerald, 2013; Paludan & Bowie, 2013; Sharma & Fitzgerald, 2011).

1.3 Toll-like receptors (TLRs)

Toll-like receptors are probably the best-characterised and most extensively
studied group of PRRs. TLRs were initially discovered in Drosophila, where the cell
surface receptor Toll was recognised for its role in the regulation of dorsal-ventral
polarity (Lemaitre et al, 1996). Later studies found it to be important also for the
immune response, particularly against fungal and bacterial infection, which
subsequently led to the search for mammalian homologues.

To date, 10 TLRs have been identified in humans, 13 in mice with TLRs 1-9
common to both species. Mouse TLR10 is not functional due to a retrovirus insertion,
whereas TLR11, TLR12 and TLR13 have been lost from the human genome (Kawai &
Akira, 2006).

TLRs are specialised in the recognition of a wide range of PAMPs such as lipids,
lipoproteins, proteins and nucleic acids derived from bacteria, viruses, fungi and
parasites. The recognition of PAMPs by TLRs occurs in different cellular compartments
from the plasma membrane to intracellular vesicles. Upon activation, TLRs trigger
signalling events leading to production of proinflammatory cytokines and chemokines
as well as type | IFNs. Those, in turn, cause recruitment of neutrophils and activation of

macrophages, which eliminate invading pathogens (Kawai & Akira, 2006).

1.3.1 Structure of TLRs

TLRs are type | transmembrane glycoproteins composed of three major
domains. An extracellular ectodomain (ECD) consisting of varying numbers of leucine
rich repeat (LRR) motifs, a single transmembrane (TM) helix and an intracellular Toll-IL-
1 receptor resistance (TIR) domain required for downstream signal transduction
(Hashimoto et al, 1988; Medzhitov & Janeway, 1997). The LRR domain, which is
primarily responsible for mediating ligand recognition, is comprised of 19-25 tandem

repeats each of which is 24-29 amino acids in length and contains consensus
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LxxLxLxxNxL motif, where “X“ is any amino acid, and an additional variable region

(Figure 1.1).

N-terminus 19-25 LRRs tandem repeats C-terminus

PPPPPPLIT

Y

LxxLxLxxNxL 24-29 amino acids

Figure 1.1 The structure of TLRs

The structure of TLRs is characterised by the presence of an extracellular leucine rich repeat
(LRR) domain, a single transmembrane (TM) domain and an intracellular Toll-IL-1 receptor
resistance (TIR) domain. The LRR domain comprises of 19-25 tandem LRRs, each of which
contains the consensus LxxLxLxxNxL motif, in which X represents any amino acid.

1.3.2 Expression of TLRs

TLRs are widely expressed and can be found in numerous tissues and cell types.
They can be found in various immune and non-immune cells, such as macrophages,
conventional and plasmacytoid dendritic cells and B cells, as well as epithelial cells.
Interestingly TLRs are also broadly expressed in neuronal and glial cells, like microglia

and astrocytes.

1.3.3 TLR localisation and ligand recognition

TLRs can be classified into two distinct groups based on their cellular
distribution and recognised ligands. The first group represents plasma membrane
associated TLRs and comprises TLR1, TLR2, TLR4, TLR5, TLR6 and TLR10, which
recognise primarily microbial membrane components such as lipids, lipoproteins and
proteins. The second group consists of endosomal membrane associated TLRs,

including TLR3, TLR7, TLR8 and TLRY, that are directed to the intracellular
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compartments such as endosomes, lysosomes and endolysosomes, where they sense
microbial nucleic acids (Akira et al, 2006).

Specific cellular localisation of TLRs is considered to be crucial for proper
recognition of PAMPs (Takeda & Akira, 2005). Intracellularly localised TLRs are capable
of sensing bacterial and viral nucleic acids only following their initial degradation
within late endosomes and lysosomes of the cell. Moreover, it is now clear that
distinct localisation of TLRs is an important mechanism of discrimination between self

and non-self molecules (Kawai & Akira, 2010).

1.3.3.1 Ligands specific for cell surface TLRs
1.3.3.1.1 TLR4

TLR4 was the first human TLR to be identified and characterised (Medzhitov et
al, 1997). It responds to bacterial lipopolysaccharide (LPS), a major component of the
outer membrane of Gram-negative bacteria such as Escherichia coli (E.coli). The
evidence that TLR4 is the receptor for LPS came from studies on the C3H/HeJ mouse
strain. These mice, carrying a point mutation in the gene encoding TLR4, are hypo-
responsive to LPS stimulation and are therefore highly susceptible to infection by
Gram-negative bacteria (Poltorak et al, 1998).

The recognition of LPS by TLR4 requires several accessory molecules, including
LPS binding protein (LBP), glycosylphosphatidyl inosito! (GPI) anchored glycoprotein
CD14 and glycoprotein MD2 (Lu et al, 2008). TLR4 and MD2 form a complex at the cell
surface, serving as the LPS binding platform. LPS binds to LBP, which in turn interacts
with CD14, allowing delivery of LPS-LBP to the TLR4-MD2 complex. This results in the
formation of multiprotein TLR4-MD2-LPS complexes, which trigger downstream
signalling pathways leading to the activation of the transcription factor NF-xB and
production of proinflammatory cytokines such as IL6, IL8 and TNFa. Interestingly,
structural analysis of the TLR4-MD2-LPS complex revealed that there is no direct
association between TLR4 and LPS (Kim et al, 2007a; Park et al, 2009).

Apart from sensing LPS, TLR4 was shown to be involved in the recognition of

fusion proteins derived from respiratory syncytial virus (RSV), envelope proteins from
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mouse mammary tumor virus (MMTV), pneumolysin from Streptococcus pneumoniae
and the plant derived cytostatic drug paclitaxel (Akira et al, 2006). Additionally, TLR4
can also recognise cell wall components of fungi such as Sacharomyces cerevisiae and
Candida albicans (Netea et al, 2002) (Table 1.1.).

Notably, TLR4 has been also implicated in sensing of DAMPs, endogenous
danger signals specifically generated upon tissue injury or damaged (Piccinini &
Midwood, 2010). TLR4 has been reported to recognise endogenous fatty acids (Shi et
al, 2006), as well as intracellular molecules released from necrotic cells such as the
nuclear DNA binding protein high-mobility group box 1 (HMGB1) (Lotze & Tracey,
2005), heat-shock proteins HSP60, HSP70, HSP22 and gp96 (Asea et al, 2002; Vabulas
et al, 2002) and neutrophil elastase (Tsujimoto et al, 2005) Additionally, TLR4 can be
also activated by the extracellular matrix (ECM) structural components including
oligosaccharides, hyaluronic acid (HA) (Taylor et al, 2004) and heparan sulfate (HS)
(Johnson et al, 2002; Termeer et al, 2002) as well as ECM proteins, biglycan (Schaefer
et al, 2005) and tenascin-C (Midwood et al, 2009). Sensing of HA by TLR4 is mediated
by accessory molecules CD44 and MD2 and leads to dendritic cell maturation and
production of proinflammatory cytokines (Taylor et al, 2004; Taylor et al, 2007).
Similarly tenascin-C induces synthesis of proinflammatory cytokines via activation of
TLR4 (Midwood et al, 2009). Interestingly, in a recent study Piccinini et al.
demonstrated that tenascin-C is also required for an effective immune response to
bacterial LPS during experimental sepsis invivo (Piccinini & Midwood, 2012). In
addition, TLR4 was also shown to mediate responses to low-density lipoprotein (LDL)
and B-amyloid peptide though CD36-TLR4-TLR6 complex formation (Stewart et al,
2010). A more complete list of PAMPs and DAMPs sensed by TLR4 can be found in
Table 1.1.

1.3.3.1.2 TLR1/2/6
TLR2 has been implicated in the recognition of a wide spectrum of PAMPs
derived form bacteria, fungi, parasites and viruses (Akira et al, 2006). These include

lipopeptides from various pathogens, peptidoglycan (PGN) and lipoteichoic acid (LTA)
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from Gram-positive bacteria, lipoarabinomannan from mycobacteria,
glycophoshatidyloinositol anchors, fungal zymosan, and hemagglutinin derived from
measles virus (Takeda, 2005) (see Table 1.1). The ability of TLR2 to recognise such a
broad array of microbial components has been attributed to its unique ability to
heterodimerise with TLR1 and TLR6. The TLR2/TLR1 association specifically recognises
triacyl lipopeptides from Gram-negative bacteria and mycobacteria, while the
TLR2/TLR6 heterodimer allows the recognition of diacyl lipopeptides from Gram-
positive bacteria and mycobacteria as well as fungal zymosan (Jin et al, 2007; Kang et
al, 2009). The difference in binding of diacylated and triacylated lipoproteins by TLR2/6
and TLR2/1 respectively is determined by the structural features of these complexes.
In addition, TLR2 is also capable of interaction with coreceptors involved in recognition
of PAMPs such as CD14 and CD36 (Hoebe et al, 2005), and the C-type lectin receptor
Dectin-1 (Goodridge & Underhill, 2008).

Similar to TLR4, TLR2 has been also shown to recognise endogenous DAMPs
such as ECM constituents biglycan (Schaefer et al, 2005) and versican (Kim et al, 2009),
as well as hyaluronic acid fragments (Johnson et al, 2002; Termeer et al, 2002).

Following recognition of PAMPs and DAMPs, TLR2 induces signalling pathways
leading to the activation of NF-kB and production of inflammatory cytokines. Barbalat
et al. have shown that TLR2 also triggers the production of type | IFNs by inflammatory
monocytes in response to viral, but not bacterial infection, which suggests a cell type

specific role for TLR2 in the antiviral response (Barbalat et al, 2009).

1.3.3.1.3 TLR5

Localised to plasma membrane TLR5 is responsible for the recognition of
bacterial flagellin. Flagellin is a structural component of bacterial whip-like flagella
used for locomotion (Hayashi et al, 2001). Recognition of flagellin by TLR5 induces a
signalling cascade leading to the activation of NF-kB in epithelial cells, monocytes, and

dendritic cells (Gewirtz et al, 2001; Hayashi et al, 2001).

10
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Recent studies have demonstrated that bacterial flagellin is also sensed by the

NLR family member, apoptosis inhibitory protein 5 (NAIP5) (Kofoed & Vance, 2011)

and intracellular mouse TLR11 (Mathur et al, 2012).

A broad range of natural and synthetic ligands sensed by extracellular TLRs can

be found in Table 1.1 below.

TLRs

TLR2

Natural ligands
Peptidoglycan (PGN) (Lien et al, 1999; Takeuchi et al,
1999; Yoshimura et al, 1999)
Haemagglutinin (Bieback et al, 2002)
HMGB1 (Park et al, 2006; Park et al, 2004)
Biglycan (Schaefer et al, 2005)
Hyaluronic acid (HA) (Termeer et al, 2002)
Heparan sulfate (HS) (Johnson et al, 2002)
Versican (Kim et al, 2009)

Synthetic ligands

Pam3CSK4

TLR1/2

Triaclated lipopeptides (Jin et al, 2007(Jin et al, 2007;
Takeda et al, 2002)

Pam3CSK4

TLR2/6

Diacyl lipopeptides (Kang et al, 2009; Ozinsky et al, 2000;
Takeda et al, 2002)

Lipoteichoic acid (LTA) (Schroder et al, 2003)

Zymosan (Sato et al, 2003a)

FSL1
MALP2
Pam2CSK4

TLR4

LPS (Poltorak et al, 1998)

Mannan (Tada et al, 2002)

HSP60 (Ohashi et al, 2000)

HSP70 (Asea et al, 2002)

HSP22 (Roelofs et al, 2006)

gp96 (Vabulas et al, 2002)

Fibrinogen (Smiley et al, 2001)

HMGB1 (Park et al, 2006; Park et al, 2004)

Hyaluronic acid (HA) (Termeer et al, 2002)

Heparan sulfate (HS) (Johnson et al, 2002)

Bigyclan (Schaefer et al, 2005)

Tenanscin-C (Midwood et al, 2009)

Streptococcus pneumoniae (Pneumolysin) (Malley et al,
2003)

RSV (fusion protein) (Kurt-Jones et al, 2000)

VSV (glycoprotein) (Georgel et al, 2007)

MMTV (envelope protein) (Miller et al, 2003; Rassa et al,
2002)

Lipid A
derivatives

TLR4/6

B amyloid (Stewart et al, 2010)
oxLDL (Rassa et al, 2002)

ND

TLR5

Flagellin (Hayashi et al, 2001)

ND

TLR10

ND

ND

Table 1.1 Natural and synthetic ligands of extracellular TLRs
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1.3.3.2 Ligands specific for intracellular TLRs
1.3.3.2.1 TER3

Localised primarily in endosomes, TLR3 is capable of recognising double-
stranded RNA (dsRNA) as well as its synthetic analogue polyinosinic-polycytidylic acid
(Poly(l:C)). The structural analysis of TLR3 revealed that dsRNA recognition by TLR3 is
not sequence specific (Choe et al, 2005). Upon binding of dsRNA, TLR3 undergoes
dimerization, which in turn leads to ligand-receptor complex formation (Leonard et al,
2008; Liu et al, 2008; Wang et al, 2010). The affinity of ligand recognition by TLR3
increases with the acidic environment found in endosomes (de Bouteiller et al, 2005;
Leonard et al, 2008). Initial studies on the TLR3 activation mechanism demonstrated,
that enzymatic processing of TLR3 by endosomal cathepisns is essential for its
activation and subsequent immune response (Ewald et al, 2011; Ewald et al, 2008;
Garcia-Cattaneo et al, 2012). However, contrasting data presented by Qi et al
indicated that proteolytic cleavage modulates the degree of the TLR3 response but it is
not critical for TLR3 signalling (Qi et al, 2012). Both the full-length and cleaved
fragments of TLR3 can bind Poly(l:C) and both can be found in the endosome (Qi et al,
2012).

Although TLR3 primarily recognises viral dsRNA, it has also been implicated in
the sensing of numerous ssRNA and DNA viruses. The basis of this recognition relies on
the intermediate dsRNA form generated during replication of positive-strand ssRNA
viruses and transcription of viral dsDNA (Weber et al, 2006). Studies using TLR3
deficient mice demonstrated that TLR3 mediates the innate immune response against
RNA viruses, such as West Nile virus (WNV), RSV and EMCV as well as DNA viruses like
HSV and mouse cytomegalovirus (Daffis et al, 2008; Tabeta et al, 2004; Wang et al,
2004; Zhang et al, 2007). Interestingly, recent studies by Tatematsu et al.
demonstrated that TLR3 is also capable of recognising incomplete RNA stem structures
derived from poliovirus (Tatematsu et al, 2013). This finding, together with studies by
Bernard et al. who implicated TLR3 in the recognition of UV-damaged self-non coding
RNA (Bernard et al, 2012), suggests that viral and host derived RNAs with stable stem

structures, can serve as lignads for TLR3. In addition, small interfering RNA (siRNA) is
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also capable of triggering TLR3 activation, depending on cell type and the structure of
the siRNA (Reynolds et al, 2006).

Upon ligand recognition, TLR3 initiates signalling cascades leading to NF-xB and
IRF3 activation, and production of proinflammatory cytokines and type | IFNs. In
addition, dsRNA mediated TLR3 stimulation also has an effect on cell migration,

adhesion and proliferation (Yamashita et al, 2012).

1.3.3.2.2 TLR7/8

TLR7 and TLR8 are both localised intracellularly and represent similar structural
architecture. Studies using TLR7 deficint mice revealed that murine TLR7 respond to
synthetic compounds, imidazoquinolines, imiquid and resiquimod (R848)(Hemmi et al,
2002). Similarly, human TLR7 and TLR8 are capable of sensing R848. TLR7 receptor
demonstrates higher sensitivity to resiquimod at low concentrations, whereas TLR8
responds better to high doses of R848 (Jurk et al, 2002). Mouse TLR7 is also capable of
sensing other synthetic coumpounds such as loxiribine (Heil et al, 2003; Lee et al,
2003). In contrast to TLR7, mouse TLR8 does not recognise imidazoquinolines like R848
(Hemmi et al, 2002; Jurk et al, 2002). Moreover, stimulation with a natural TLR7/8
ligand, viral ssRNA activates human TLR7 and TLR8 and mouse TLR7 but not mouse
TLR8, leading to belief that TLR8 is biologically inactive in mice (Heil et al, 2004).
However, studies by Gorden et al. demonstrated that stimulation of HEK-293 cells
expressing murine TLR8, with a combination of TLR8 agonist and poly-T
oligonucleotides leads to NF-kB activation (Gorden et al, 2006a; Gorden et al, 2006b).
Interestingly, recent studies have also shown high expression level of TLR8 during
mouse brain development, where TLR8 acts as a negative regulator of neurite
outgrowth and an activator of neuronal cell death, suggesting that mouse TLR8
remains biologically functional (Ma et al, 2006). Apart from the synthetic guanine
analogues imidazoquinoline and loxoribine, TLR7 and human TLR8 recognise RNA from
Borrelia burgdorferi (Cervantes et al, 2012; Mancuso et al, 2009). TLR7 also detects
poly(U) RNA, certain siRNA structures (Hornung et al, 2005) and guanosine/uridine

(G/U) rich ssRNA, similar to that found in the human immunodeficiency virus (HIV-1)
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(Heil et al, 2004) as well as ssRNA from VSV (Diebold et al, 2004) and Influenza virus
(Lund et al, 2004). A more complete list of natural and synthetic ligands of TLR7 and
TLR8 is presented in Table 1.2.

Recognition of nucleoside structures by TLR7 or TLR8 activates intracellular
pathways that culminate in the induction of proinflammatory cytokines, chemokines,

and type | IFNs, and in the upregulation of co-stimulatory molecules.

1.3.3.2.3 TIR9

Intracellularly localised TLRS was initially described as a sensor of
unmethylated CpG motifs of bacterial and viral DNA (Hemmi et al, 2000). It was shown
however, that DNA recognition by TLR9 critically depends on the 2’
deoxyribophosphate backbone and not on the CpG motifs (Haas et al, 2008). TLR9 has
been implicated in the recognition of dsDNA from viruses such as MCMV and herpes
simplex virus 1 and 2 (HSV-1 and HSV-2)(Krug et al, 2004; Lund et al, 2003), as well as
sensing protozoa such as Trypanosoma cruzi (Bafica et al, 2006). TLR9 can also be

triggered by hemozoin (Coban et al, 2005) and synthetic CpG oligonucleotides (ODNs).

TLRs Natural ligands Synthetic ligands
*  Poly(l:

TLR3 * dsRNA (Alexopoulou et al, 2001b) SC
* PolyU

* Imiquimod
* Resiquimod
* Loxoribine

* G/U rich ssRNA (Diebold et al, 2004; Heil et al, 2004; i
*  Gardigimod

TLR7 Lund et al, 2004)

. CLO75
*  Short dsRNA (Hornung et al, 2005) e CLO97
e C(ClL264
s N CL307

*  G/U rich ssRNA (Diebold et al, 2004; Heil et al, 2004;

. 1 1 *
TLRS Lund et al, 2004) ; zfgl;lsl—llmod
*  Short dsRNA (Hornung et al, 2005)

. 7

*  Bacterial RNA (Kariko et al, 2005) s

TLR9 * CpG DNA (Haas et al, 2008; Hemmi et al, 2000) * CpG
* Hemozoin (Coban et al, 2005) * ODNs

Table 1.2 Natural and synthetic ligands of intracellular TLRs
*Synthetic ligand directly sensed by human TLR7/8 and mouse TLR7 but not TLR8
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1.3.3.3 Ligands specific for mouse TLR11, TLR12 and TLR13

TLR11, TLR12 and TLR13 are endosomal TLRs functional in mouse but not
human (Kawai & Akira, 2011). Mouse TLR11 responds to profilin-like proteins derived
from the parasite Toxoplasma gondii (Yarovinsky et al, 2005; Zhang et al, 2004). TLR11
deficient mice are also highly susceptible to uropathogenic E.coli infection (Zhang et al,
2004). Further studies revealed that TLR11, similar to TLR5 (Hayashi et al, 2001),
detects flagellin from uropathogenic E.coli and Salmonella typhimurium (Mathur et al,
2012), but most likely via a different mechanism due to diverse expression patterns of
these TLRs. TLR12 recognises profilin from Plasmodium falciparum either on its own or
as a heterodimer with TLR11 (Koblansky et al, 2013). However, unlike TLR11, TLR12 is
incapable of sensing bacterial flagellin. TLR13, which is lost from the human genome,
has been recently reported to engage with a large bacterial ribosomal RNA (rRNA),
specifically the CGGAAAGACC motif of 23S rRNA of Gram-negative E.coli, which
resulted in the induction of pro-IL1B (Oldenburg et al, 2012). Ligands specific for
TLR11-13 are presented in Table 1.3 below.

TLRs Natural ligands Synthetic ligands

. ili i . |
TLR11 Profuln? (Yarovinsky et al, 2005; Zhang et al, 2004) e ND
*  Flagellin (Mathur et al, 2012)

TLR12 *  Profilin (Koblansky et al, 2013) * ND

* CGGAAAGACC motif of bacterial 23S rRNA
TLR1 .
. (Oldenburg et al, 2012) B

Table 1.3 Natural and synthetic ligands of mouse TLR11, TLR12 and TLR13

1.3.4 TLR signalling

The engagement of TLRs by microbial PAMPs leads to the activation of
downstream signalling events resulting in the production of proinflammatory
mediators and type | IFNs. Upon ligand recognition, TLRs homo- or heterodimerise and
undergo conformational changes in order to enable physical contact of two
intracellular TIR domains (Zhu et al, 2009). This structural rearrangement initiates a

signalling cascades mediated by different adaptor molecules: Myeloid differentiation
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factor 88 (MyD88), MyD88 adaptor like (Mal), TIR domain containing adaptor inducing
interferon B (TRIF), and TRIF related adaptor molecule (TRAM) (Kawai & Akira, 2010),
all of which act as positive regulators of TLR signalling. There are also two TLR adaptor
molecules, which have been demonstrated to function as negative regulators of TLRs,
B-cell adaptor for PI3K (BCAP) (Ni et al, 2012; Troutman et al, 2012) and sterile alpha
and HEAT-Armadillo motifs containing protein (SARM) (Carty et al, 2006).

All of the TLR adaptor proteins consist of a TIR domain, mediating TIR-TIR
interactions between TLR receptors, receptor—adaptor, and adaptor—adaptor, that are
crucial for signalling (O'Neill & Bowie, 2007; Palsson-McDermott & O'Neill, 2007). The
structure of all TIR-domain containing TLR adaptor molecules is presented in Figure
1.2.

Selective usage of the adaptor molecules by different TLRs triggers two distinct
signalling pathways. All TLRs, with the sole exception of TLR3, trigger their signalling
via the adaptor protein MyD88, which in turn activates the transcription factor NF-xB
and mitogen activated protein-kinases (MAPKs) to induce production of inflammatory
cytokines (Akira et al, 2006). In contrast, TLR3 utilises the adaptor molecule TRIF,
which initiates an alternative signalling pathway leading to activation of IRF3, 5 and 7
(Honda et al, 2005) and NF-kB, culminating in type | IFN and inflammatory cytokine
production (Kawai et al, 2001; Toshchakov et al, 2002). Therefore, the TLR signalling
pathways can be classified as either MyD88-dependent, or MyD88-independent (TRIF-
dependent) leading to the production of proinflammatory cytokines and type | IFN,

respectively.
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Figure 1.2 Domain architecture of TIR adaptor proteins

The figure represents the structure of all known TIR domain containing adaptor proteins.
MyD88 consists of a N-terminal death domain (DD) and a C-terminal TIR domain. Mal consists
of the TIR domain and also contains the PIP2 and TRAF6 (T6BD) binding domains. Tyrosines (Y)
at positions 86 and 187 in the structure of Mal are phosphorylated by Bruton’s tyrosine kinase
(BTK). TRIF similarly to Mal has a TRAF6 binding motif, followed by the TIR domain and the
RHIM region. TRAM consists of a TIR domain. TRAM undergoes phosphorylation by protein
kinase C € (PKCe) at the serine (S) 16 and post-translational myristolyation at its N-terminus.
SARM consists of the HEAT and Armadillo-motifs (HEAT/ARM) present at the N-terminus,
followed by the two SAM domains and the TIR domain localised on the C-terminal end.
Expressed within B-cells and macrophages, BCAP consists of a cryptic N-terminal TIR domain, a
transcription factor-lg (T!G) and 3-a-helix (3a) structural unit, a short set of armadillo repeats
(ARM), and a C-terminal helical (a/a) module.

1.3.4.1 MyD88-dependent TLR signalling pathway

MyD88 was the first TIR-domain containing adaptor molecule to be identified.
It was initially shown to be involved in signalling by the type | IL-1 receptor (IL-1R), and
later also in signalling mediated by various TLRs (Medzhitov et al, 1998; Wesche et al,
1997). All these findings were verified using MyD88 deficient mice, which failed to
response to any of the TLR ligands, with the exception of TLR3 (Alexopoulou et al,

2001a; Kawai et al, 1999).
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Following activation, MyD88 binds first to the cytoplasmic TIR domain of TLRs,
and then recruits Interleukin 1 receptor associated kinase 4 (IRAK4) (Suzuki et al,
2002). Activated IRAK4 transduces inflammatory signals by a rapid phosphorylation of
IRAK1 (Li et al, 2002; Suzuki et al, 2002). This is followed then by the activation of
IRAK2, which has been shown to play a key role in sustaining proinflammatory cytokine
production (Kawagoe et al, 2008). The IRAK complex activates TNF receptor-associated
factor 6 (TRAF6) (Li et al, 2002), an E3 ubiquitin ligase, which is negatively regulated by
another member of IRAK family, IRAK-M (Kobayashi et al, 2002). In addition, IRAK1
and/or IRAK4 phosphorylate the E3 ubiquitin ligases Pellino. Pellino can also directly
bind to IRAKs, TRAF6 and transforming growth factor B activated protein kinase 1
(TAK1) triggering polyubiguitination of IRAK1 (Moynagh, 2009). Activated by the IRAK
complex TRAF6 combines with an E2 ubiquitin-conjugating enzyme UBC13 and UEV1A
and catalyse the synthesis of Lys63 (K63)-linked polyubiquitin chains, resulting in the
autoubiquitination of TRAF6 (Chen, 2005; Yamamoto et al, 2006). Generated K63—
polyubiquitin chains mediate TRAF6 binding of TAB2 and TAB3, which leads to the
activation of TAK1, a MAP kinase kinase kinase (MAP3K) family member.
Phosporylated TAK1 triggers activation of a cascade of mitogen activated protein
kinases (MAPKs) (Sato et al, 2005; Wang et al, 2001; Yamamoto & Takeda, 2010).
Starting from MAPKK3 and MAPKK®6, through the phosphorylation of Jun kinases (JNKs)
and p38, the MAPKK cascade results in the activation of transcription factor AP-1
(Kawai & Akira, 2006). Simulatneously, TAK1 activates the IKK complex comprised of
catalytic subunits IKKa and IKKB and regulatory I[KKy (NEMO) leading to
phosphorylation of IkB proteins. Once phosphorylated, IkB proteins undergo
degradation, which results in nuclear translocation of the transcription factor NF-xB
and expression of various inflammatory cytokine genes (Bhoj & Chen, 2009; Takeuchi
& Akira, 2010; Yamamoto & Takeda, 2010).

In addition, MyD88 activates certain members of the IRF family of transcription
factors. IRF1 associates with MyD88 (Negishi et al, 2006), while IRF7 interacts with
both MyD88 and TRAF6 (Takaoka et al, 2005). Ultimately, activation of IRFs, NF-kB and

AP-1 in a MyD88-dependent manner induces a wide spectrum of inflammatory gene
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transcription. The MyD88-dependent signalling pathway has been depicted in Figure
1.3.

Mal (also known as TIRAP) was the second adaptor protein to be discovered
(Fitzgerald et al, 2001; Horng et al, 2001). First in vitro studies on Mal indicated its
function in TLR4 signalling, as the overexpression of a dominant negative form of Mal
led to inhibition of NF-kB following LPS stimulation but not upon stimulation with IL1
or IL18 (Fitzgerald et al, 2001). Further in vitro studies carried out using Mal deficient
mice demonstrated a requirement for Mal in TLR4 and also TLR2 mediated signalling
(Horng et al, 2001; Yamamoto et al, 2002). Mal deficient macrophages treated with
LPS showed impaired inflammatory cytokine production and delayed NF-kB activation,
however no change in IRF3 activation and expression of IFN inducible genes (Fitzgerald
et al, 2001; Yamamoto et al, 2002). Mal/MyD88 double knockout mice also showed a
normal expression of IFN inducible genes, thus Mal is essential for MyD88-dependent
but not MyD88-independent signalling via TLR4. Mal acts as a bridging adaptor,
facilitating the transfer of MyD88 to TLR4 at the plasma membrane (Kagan &
Medzhitov, 2006). Additionally, studies by Kenny et al. demonstrated that Mal is
required in TLR2 signalling, however only to sensitize the host to low levels of ligand,
while it is dispensable for the TLR2 response to high ligand concentrations. Thus at
high ligand concentrations signalling via TLR2 occurs exclusively through MyD88 and

not Mal (Kenny et al, 2009).
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Figure 1.3 MyD88-dependent signalling pathways

The MyD88 signalling pathway is utilized by all TLRs except for TLR3. Signal transduction
mediated by MyD88 leads to the activation of IRAKs 1, 2, and 4, which subsequently recruit
TRAF6. In association with UBC13, UEV1A and Pellino, TRAF6 undergoes polyubiquitination.
Activated TRAF6 recruits TAB2, followed by the recruitment of TAK1, TAB1 and TAB2.
Phosphorylation of TAK1 leads to the activation of MAPKs, which in turn phosphorylate JNK,
p38 and ERK, which results in translocation of AP1 into the nucleus and terminates in the
production of proinflammatory cytokines. TAK1 also activates the IKK complex consisting of
IKKy (NEMO), iKKae and IKKB. Phosphorylated IKKao and IKKB targets IkBa for degradation
through phosphorylation and polyubiquitination. This allows for nuclear translocation of NF-
KB, which triggers expression of proinflammatory cytokines. MyD88 mediated signalling
initiated by the endosomal TLRs leads to activation of IRAK4 and IRAK1. Phosphorylated IRAKs
recruit TRAF6, which undergoes polyubiquitination and together with TRAF3 triggers
phosphorylation of IRF5 and IRF7, leading to activation of IFNs. MyD88 dependent signal
transduction from the endosomally localised TLRs, can also leads to phosphorylation of IRF1
resulting in IFN production.
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1.3.4.2 MyD88-independent/TRIF-dependent TLR signalling pathway

TRIF (also known as TICAM1) was identified subsequently to MyD88 and Mal
(Oshiumi et al, 2003a; Yamamoto et al, 2002). Examination of macrophages derived
from MyD88/Mal double knockout mice demonstrated a normal response to both
TLR3 and TLR4 stimulation, suggesting the existence of alternative signalling pathways.
Further database searches using MyD88 and Mal sequences as templates, led to the
discovery of TRIF (Yamamoto et al, 2002). The same molecule was also independently
identified in a yeast two-hybrid screen as a TLR3 binding protein (Oshiumi et al,
2003a). Following on from in vitro studies, indicating involvement of TRIF in the
MyD88-independent signalling, TRIF deficient mice were used to further determine the
physiological role of TRIF. Mice lacking TRIF showed defective IRF3 activation and IFNf
production following LPS and Poly(l:C) stimulation (Hoebe et al, 2003; Yamamoto et al,
2003a). In contrast, the early phase of NF-kB and MAPK activation in response to LPS
remained unaffected in the TRIF deficient mice.

Upon activation, TRIF recruits TRAF6 and RIP1 to its N- and C-terminal sites
respectively. Direct interaction of TRIF with TRAF6 via its N-terminal TRAF6 binding
domain activates TAK1 for NF-xB induction (Sato et al, 2003b). Mechanisms of TAK1
activation are not yet fully understood, but most probably resemble ubiquitination-
dependent mechanisms found in the MyD88 dependent pathway. Recruitment of RIP1
to TRIF occurs through RIP homotypic interaction motif (RHIM) present in the C
terminus of TRIF (Meylan et al, 2004). Following binding to TRIF, RIP1 undergoes K63-
linked polyubiquitynation, and this modification was shown to be required for NF-kB
activation. RIP1 also interacts with the adaptor Tumor Necrosis Factor Receptor (TNFR)
1-associated death domain (TRADD), and this multiprotein complex has been shown to
be critical for activation of NF-kB and MAPK pathways (Chang et al, 2009; Ermolaeva et
al, 2008). This signalling pathway has been represented in Figure 1.4 (shaded in grey).

Apart from NF-kB activation, TRIF-dependent signalling leads also to IRF3
activation and production of IFNP. TRIF recruits non-canonical IKKs including TRAF
family member associated NF-kB activator binding kinase 1 (TBK1) and IKKi (IKKe) to
activate both IRF3 and IRF7 by phosphorylation, with the help of TRIF interacting
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proteins TRAF3 and NAK-associated protein 1 (NAP1). Phosphorylated IRF3 and IRF7
homodimerise and translocate to the nucleus, where they initiate transcription of type
| IFNs (Fitzgerald et al, 2003; Sharma et al, 2003).

Finally the TRIF-dependent pathway can culminate in cell apoptosis though
activation of RIP1, FAS-associated death domain (FADD) and caspase-8 signal
transduction (Kaiser & Offermann, 2005). Comprehensive TRIF-dependent signalling
cascades are represented in Figure 1.4.

Notably, the role of TRIF is not exclusive to modulation of TLR responses.
Recent studies by Rathinam et al. demonstrated that TRIF-dependent type | IFN
production leads to subsequent caspase-11 mediated inflammasome activation
(Rathinam et al, 2012).

TRAM (also known as TICAM2) was identified through sequence homology in
database searches (Fitzgerald et al, 2003; Oshiumi et al, 2003b; Yamamoto et al,
2003b), followed by an in vitro study, which demonstrated that TRAM directly interacts
with TRIF and TLR4, but not TLR3. In addition, TRAM overexpression and knockdown
experiments further emphasized its exclusive role in TLR4 signalling pathway (Oshiumi
et al, 2003b). Analysis of TRAM deficient mice established that TRAM acts to bridge
TRIF to TLR4, and that it plays a critical role in the MyD88-independent TLR4 signalling
cascade (Yamamoto et al, 2003b) (Figure 1.4). TRAM deficient mice, similar to TRIF
knockouts, demonstrated impaired activation of IRF3 and production of IFN inducible
genes. However, in contrast to TRIF deficient mice, those lacking TRAM were still
capable of responding to TLR3 stimulation (Yamamoto et al, 2003b). TRIF is therefore
the sole adaptor required for TLR3 signal activation. There is also a splice variant of
TRAM, named TAG (TRAM adaptor with GOLD domain). TAG acts as a negative
regulator of the TLR4/TRIF-dependent signalling pathway, by displacing the adaptor
TRIF from TRAM (Palsson-McDermott et al, 2009), which is mediated by the GOLD

domain-containing protein TMED7 (Doyle et al, 2012).
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Figure 1.4 TRIF-dependent signalling pathways

The TRIF-dependent/MyD88-independent signalling pathway is used by the intracellularly
localised TLR3, and by TLR4 following its internalisation into the endosomal compartments and
binding of TRAM. TRIF recruits NAP1 and TRAF3 to activate TBK1 and IKKg, resulting in the
phosphorylation of IRF3, IRF5 and IRF7, which then translocate into the nucleus activating the
expression of IFN inducible genes. Alternatively TRIF associates with RIP1, which leads to the
activation of the IKK complex, resulting in the nuclear translocation of NF-kB and induction of
proinflammatory cytokine production. Signal transduction following recruitment of TRIF can
also lead to MyD88-dependent signalling, through its association with TRAF6. Moreover, TRIF
recruits FADD though its interaction with RIP1, resulting in apoptosis dependent on Caspase 8
activation.
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1.3.4.3 TLR adaptor proteins BCAP and SARM

As mentioned above, apart from the TLR adaptor molecules: MyD88, Mal, TRIF
and TRAM, which act as positive mediators of TLR signalling, there are also two TLR
adaptor molecules named BCAP and SARM which have been shown to function as
negative regulators of TLR responses (Carty et al, 2006; Ni et al, 2012; Peng et al, 2010;

Troutman et al, 2012).

1.3.4.3.1 BCAP

B-cell adaptor for PI3K (BCAP) was initially identified as an adaptor protein
mediating B-cell antigen receptor signalling to phosphoinositide 3-kinase (PI3K)
activation (Okada et al, 2000). Further studies revealed that BCAP acts as a TLR
adaptor protein linking, TLRs to PI3K/Akt activation and thereby modulating the innate
immune response both in vitro and in vivo. Macrophages derived from BCAP deficient
mice demonstrated a decrease in TLR mediated PI3K activity and Akt phosphorylation,
when compared to wild-type cells. Additionally, BCAP knockout mice displayed an
increased inflammatory response following bacterial infection in vivo (Ni et al, 2012;
Troutman et al, 2012). Further studies are required in order to determine the exact

mechanism by which BCAP negatively impacts on TLR mediated signalling.

1.3.4.3.2 SARM

SARM (also known as MyD88-5) is a fifth and most highly conserved member of
the TIR adaptor family (O'Neill & Bowie, 2007). SARM homologues have been
identified across many species including Drosophila melanogaster, Caenorhabditis
elegans, zebrafish and horseshoe crab (Belinda et al, 2008; Couillault et al, 2004;
Meijer et al, 2004; Mink et al, 2001), where SARM was found to execute multiple
functions.

The C.elegans form of SARM (TIR-1) has been implicated in the regulation of
the immune system and neuronal development. The knockdown of TIR-1, led to
increased susceptibility and mortality to bacterial and fungal infections (Couillault et al,

2004). Additionally, TIR-1 has been found in olfactory neurons, and shown to be
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involved in the regulation of the olfactory patterning (Chang et al, 2011). Interestingly,
recent studies on TIR-1 in C.elegans have also linked the protein with a non-apoptotic
cell death (Blum et al, 2012).

The initial studies into the role of SARM within mammals demonstrated its
function as a negative regulator of TLR mediated signalling pathways (Carty et al, 2006;
Peng et al, 2010). Carty et al. demonstrated the involvement of SARM in the direct
interaction and inhibition of the adaptor TRIF (Carty et al, 2006), whereas Peng et al.
revealed additional impact of SARM on MAPK phosphorylation leading to LPS and
Poly(l:C) mediated AP-1 activation (Peng et al, 2010). In contrast to these findings,
studies of mouse macrophages lacking SARM have demonstrated that cytokine
production is unaltered after TLR stimulation (Kim et al, 2007b). Various expression
patterns of human and mouse SARM could explain differences in the results obtained.
The role of SARM as a negative modulator of TLR3 and TLR4 mediated signalling is
presented in Figure 1.5.

Further in vivo studies on SARM revealed its role in innate immunity to
neurotropic viral infections. WNV infection of SARM deficient mice led to reduced
proinflammatory cytokine production and increased susceptibility to viral infection
(Szretter et al, 2009). Additionally, recent studies by Zhou et al. showed that porcine
SARM attenuates NF-kB activation following ligand stimulation, and that SARM might
be involved in the pathogenicity of porcine reproductive and respiratory syndrome
virus (PRRSV) infection (Zhou et al, 2012). Recent studies by Hou et al. uncovered a
role for SARM in the regulation of immune response to neurotropic VSV infection (Hou
et al, 2013). Mice lacking SARM demonstrated reduced inflammation and improved
survival in response to VSV, pointing towards a negative role of SARM, acting as a
mediator of immunopathology during the VSV infection (Hou et al, 2013).

Of note, a number of studies have identified SARM as a mediator of neuronal
survival and degeneration. SARM was found to regulate neuronal cell death during
oxygen and glucose deprivation (OGD) by targeting JNK3 to the mitochondria (Kim et
al, 2007b), as well as neuronal morphology by controlling dendritic shape

rearrangement through MKK4-JNK pathway (Chen et al, 2011). Moreover, SARM has
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been found to regulate an active neuronal injury-induced axon degeneration
programme, termed Wallerian degeneration, where SARM potently inhibits axon self
destruction triggered by the injury (Osterloh et al, 2012b). Interestingly, a recent study
reported that SARM also mediates neuronal apoptosis in response to a neurotropic La
Crosse virus (LACV) (Mukherjee et al, 2013). SARM mediated cell death was associated
with induced oxidative stress response and mitochondrial damage. Mukherjee at al.
demonstrated that mice lacking SARM exhibited less neuronal damage following LACV

infection (Mukherjee et al, 2013).
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Figure 1.5 Role of SARM as negative modulator of TLR signalling

The TLR adaptor SARM negatively regulates TRIF- and MyD88-dependent signalling pathways.
A, SARM mediates inhibition of MyD88-dependent signalling acting as an inhibitor of MAPK
phosphorylation. B, SARM negatively regulates TRIF-dependent signalling triggered by TLR4
and TLR3 via direct interaction with TRIF.
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1.4 Accessory molecules in TLR signalling

Mechanisms of microbial recognition, signalling and regulation of TLR
responses require a number of specific accessory molecules. These molecules
cooperate with TLRs ensuring proper detection of PAMPs/DAMPs, control of TLR
folding in the ER and regulating of intracellular localisation and trafficking of TLRs.
Similar to differentially localised TLRs, accessory proteins function at the level of the
cell surface and from within intracellular compartments. Additionally, they can be
involved in the regulation of TLRs via direct interaction with the receptor and/or its
specific ligand (Lee et al, 2012). A wide spectrum of accessory molecules involved in

modulation of TLRs is shown in Figure 1.6.
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Figure 1.6 Accessory molecules involved in the regulation of TLRs signalling

Accessory proteins are essential components of the TLRs signalling network. They execute
numerous functions and are involved in many aspects of TLR responses. MD2 regulates LPS
recognition and the cell surface expression of TLR4. CD14 is implicated in ligand recognition
and binding as well as trafficking of multiple TLRs, such as TLR2, TLR3, TLR4, TLR7 and TLR8. A
novel accessory molecule TRIL has been shown to modulate TLR4 mediated response and it is
also capable of binding TLR4 and its ligand LPS. Expressed in B cells RP105 and MD-1 act as
positive regulators of TLR2 and TLR4 signalling. Simultaneously, RP105 found in dendritic cells
and macrophages negatively modulates TLR4 responses. Accessory molecules gp96 and
PRAT4A chaperon a number of cell surface and intraceilular TLRs, including TLR1, TLR2, TLR4,
TLRS, TLR7 and TLR9. Residing in the endoplasmic reticulum (ER), UNC93B function as a central
regulator of the endosomal trafficking of the intracellular TLRs and has been shown to directly
interact with TLR3, TLR7 and TLR9 as well as human TLR8. Finally, a group of accessory
molecules comprising of CD14, HMGB1, CD36, LBP and LL37 are capable of direct binding and
delivering TLR ligands to respective TLRs or to the endosomal compartments.
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1.4.1 Accessory molecules acting at the cell surface
1.4.1.1 MD-2

Myeloid differentiation factor 2 (MD2 also known as LY96) is a small soluble
glycoprotein associated with the extracellular domain of TLR4 and is critical for LPS
recognition and subsequent signalling via TLR4 (Shimazu et al, 1999). MD2 deficient
mice are incapable of sensing LPS, hence are resistant to LPS induced endotoxic shock
but are concurrently more susceptible to Salmonella typhimurium (Nagai et al, 2005).
Structural analysis of TLR4-MD2, revealed that upon binding LPS, two complexes of
TLR4-MD2 dimerise crafting a multiprotein, symmetrical TLR4—-MD2—-LPS structure
(Kim et al, 2007a; Ohto et al, 2007; Park et al, 2009). Apart from its role in ligand
binding and TLR4 signalling, MD2 also regulates the trafficking and cell surface
expression of this receptor. Confocal imaging revealed that complexes consisting of
two TLR4-MD2-CD14 heterotrimers, continuously cycle between the plasma
membrane and the Golgi (Latz et al, 2002) as also does the LPS (Thieblemont & Wright,
1999). Once it encounters LPS at the cell surface, TLR4-MD2 complex dimerises and
initiates MyD88-dependent pathway followed by endosomal translocation and

activation of TRIF-mediated signalling (McGettrick & O'Neill, 2010; Saitoh, 2009).

1.4.1.2 RP105

RP105 (also known as CD180) is a type | transmembrane protein modulating
TLR4 signalling (Divanovic et al, 2005a). RP105 contains 22 LRRs in its extracellular
domain and is expressed on the cell surface of B cells, dendritic cells (DCs) and
macrophages. Cell surface expression of RP105 requires its association with MD1, a
homologue of MD2 accessory molecule, and as a dimer RP105-MD1 directly binds to
TLR4-MD2 (Divanovic et al, 2005a). RP105 functions in a cell type specific manner,
acting as a positive regulator of TLR2 and TLR4 signalling in B cells (Nagai et al, 2002b)
and as a negative modulator of TLR4 in DCs and macrophages (Divanovic et al, 2005a).
A number of published studies link RP105 with systemic lupus erythematosus (SLE),
where the RP105 deficient B cells demonstrated increased production of

autoantibodies leading to SLE (Koarada et al, 2005; Koarada & Tada, 2012).
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1.4.2 Intracellularly localised accessory molecules
1.4.2.1 UNC93B1

Uncoordinated 93 homolog B (UNC93B) is a multi membrane-spanning
glycoprotein residing in the ER, which acts as a central regulator of intracellular TLRs
(Tabeta et al, 2006). UNC93B knockout mice (also known as ‘triple D’ or 3d) carrying a
missense allele of UNC93B showed impaired signalling via endosomal TLR3, TLR7 and
TLR9Y and not other TLRs (Tabeta et al, 2006). Moreover, UNC93B has been reported to
directly interact with TLR3, TLR7 and TLR9 as well as human TLR8, through their
transmembrane domains and this interaction was found critical for signalling mediated
by these TLRs (Brinkmann et al, 2007; Itoh et al, 2011). Further studies on 3d
knockouts by Kim et al. revealed another function of UNC93B, which has been shown
to deliver nucleotide sensing TLR7 and TLR9 from the ER to the endolysosome, where
they respond to their ligands (Kim et al, 2008). In addition, UNC93B fullfill the same
role in the regulation of murine TLR11, TLR12 and TLR13 (Lee et al, 2013). UNC93B
differentially associates with TLR9 and TLR7 in dendritic cells and was reported to be
biased towards TLR9 sensing DNA (Fukui et al, 2009). This was also linked with the
UNC93B regulation of excessive TLR7 activation by employing TLR9 to compete with
TLR7 (Fukui et al, 2011b). UNC93B plays a central role in the regulation of endosomal
TLR trafficking and 3d mutant mice have been shown to be highly susceptible to a
number of pathogens including Listeria monocytogenes, Staphylococcus aureus and
mouse cytomegalovirus (Tabeta et al, 2006). UNC93B deficiency has also been
associated with the etiology of HSV-1 encephalitis in humans (Casrouge et al, 2006).
Recent data demonstrating the involvement of both TLR7 and TLR9 in autoimmune
diseases, such as SLE, points also towards the potential role of UNC93B in the

pathogenicity of this disorder (Deane et al, 2007; Fukui et al, 2011a).

1.4.2.2 gp96
Glucose-regulated protein of 94 kDa (GRP94, also known as gp96 or
endoplasmin) is an endoplasmic reticulum paralogue of the chaperone heat-shock

protein 90 (HSP90), which mediates protein folding. gp96 is constitutively expressed in
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various cell types, and can be found exclusively within the lumen of the ER and not the
ER membrane fraction (Koch et al, 1988). gp96 chaperones a number of cell surface
and intracellular TLRs, with the exception of TLR3. It is essential for the function of
TLR1, TLR2, TLR4, TLR5, TLR7 and TLR9 and can directly interact with TLR1, TLR2, TLR4
and TLR9 through their ectodomains. In addition, gp96 was shown to regulate cell
surface expression of TLR1, 2 and 4 as well as maturation and enzymatic processing of
TLRY (Liu & Li, 2008; Randow & Seed, 2001; Staron et al, 2011). Recent data
demonstrated that the chaperone function of gp96 depends on another ER luminal
protein, CNPY3 (also known as PRAT4A), which directly binds to gp96. Disruption of
this interaction completely abolished the function of gp96 as a TLR chaperone (Liu et
al, 2010a). Thus, gp96 ensures proper folding and maturation of TLRs in the ER. gp96
was also shown to promote infection by serving as a receptor for cell invasion of
various pathogens, such as Listeria monocytogenes (Cabanes et al, 2005) and VSV

(Bloor et al, 2010).

1.4.2.3 PRAT4A

PRAT4A was initially identified as a protein that directly binds to TLR4 and
regulates its cell surface expression (Wakabayashi et al, 2006). PRAT4A is a highly
conserved soluble protein residing in the lumen of the ER. It has been implicated in
regulation of both cell surface and endosomally localised TLRs (Takahashi et al, 2007).
PRAT4 regulates cell surface expression and trafficking of TLR1, TLR2 and TLR4, which
in the absence of PRAT4 demonstrated significantly reduced cytokine production
(Takahashi et al, 2007). Additionally, PRAT4A has been also implicated in the regulation
of TLR5 cell surface expression in neutrophils, monocytes and DCs (Shibata et al, 2012).
Mice lacking PRAT4A have shown impaired responses of multiple TLRs, with the
exception of TLR3 (Takahashi et al, 2007). TLRS mediated signalling was completely
abolished in PRAT4A deficient BMDCs and macrophages. Residing in the ER in resting
cells TLR9 was unable to traffic from the ER to endolysosomes following stimulation in
the absence of PRAT4A (Takahashi et al, 2007). Thus, PRAT4A is indispensable for

ligand-induced translocation of TLRS from the ER to lysosomal compartments.
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Additionally, similar to UNC93B, PRAT4A is crucial for enzymatic processing of TLR9
(Onji et al, 2013; Takahashi et al, 2007). PRAT4A has also been shown to directly
interact with TLR9 as well as the other ER-residing accessory molecule, gp96, which is
also capable of binding to TLR9 (Liu et al, 2010a). Knockdown of either PRAT4A or gp96
expression impaired their ability to associate with TLR9, indicating strong dependency

of those two accessory molecules (Liu et al, 2010a).

1.4.3 Ligand binding accessory molecules
1.4.3.1 LBP

LPS-binding protein (LBP) is an acute phase protein synthesized in the liver and
lung (Schumann et al, 1990). LBP is responsible for high affinity binding of LPS, which
leads to its disaggregation and presentation to CD14, and subsequent delivery to the
TLR4-MD2 signalling complex (Wright et al, 1990). LBP is also capable of binding other
TLR ligands, such as lipoteichoic acid, peptidoglycan and lipopeptides (Schroder et al,
2004; Schroder et al, 2003). This suggests that LBP mediates not only the function of
TLR4 but also TLR1, TLR2 and TLR6. Studies have shown that mice lacking LBP are more
susceptible to infections with Gram-negative bacteria and the Gram-positive
pneumococci strains, thus LBP plays a role in both Gram-positive and Gram-negative

bacterial infections (Jack et al, 1997; Weber et al, 2003).

1.4.3.2CD14

Cluster of differentiation 14 (CD14) is a LRR containing glycoprotein present in
soluble form in the serum or as a GPI anchored cell surface protein in myeloid cells
(Wright et al, 1990). CD14 was shown to interact with a variety of PAMPs and their
synthetic analogues, including LPS, PGN, Pam3CSK4, Poly(l:C) and CpG DNA (Baumann
et al, 2010; Dziarski et al, 1998; Dziarski et al, 2000; Lee et al, 2006). Structural analysis
of CD14 revealed that its horseshoe-like homodimeric structure, common to both
human and mouse CD14, is highly similar to that found in the ectodomains of TLRs
(Kim et al, 2005). CD14 has been implicated in the regulation of multiple TLRs. CD14 is

required for TLR4 signalling, where it binds to LPS and facilitates its translocation to
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the TLR4-MD2 complex. Interestingly, CD14 was shown to be indispensable for the
detection of smooth LPS, rather than its rough form or the lipid-A motif. In the absence
of CD14 only MyD88-dependent signalling was activated following smooth and rough
LPS stimulation, while its presence led to signal transduction via both MyD88- and
TRIF-dependent TLR4 signalling (Jiang et al, 2005; Zanoni et al, 2012; Zanoni et al,
2011). Recent studies have demonstrated that CD14 also plays a role in LPS induced
endocytosis and trafficking of TLR4, thus specifically regulating TRIF-dependent IFN
production (Zanoni et al, 2012). Zanoni et al. examined CD14 deficient cells, which
demonstrated significantly reduced TRIF-dependent IFN production, but not MyD88-
mediated TNFa production. CD14 is a key component of TLR4 signalling, implicated in
ligand delivery, recognition and binding, as well as trafficking of this receptor (Zanoni
et al, 2011).

CD14 also plays a role in the function of other cell surface TLRs, including TLR2
and TLR6. Interacting with both TLR4 and TLR2, CD14 was shown to be important, but
not essential, to TLR2/TLR6 signalling. CD14 knockout cells showed partially impaired
sensing of all TLR2/TLR6 agonists (Hoebe et al, 2005). Interestingly, recent studies by
Rabin et al. have demonstrated that CD14 positively impacts on TLR2-mediated
response. CD14 is capable of binding to TLR2-derived peptides, which accelerates
microbial ligand transfer from CD14 to TLR2 leading to enhanced TLR2 response,
through increased and sustained ligand occupancy of TLR2 and receptor clustering
(Raby et al, 2013).

CD14 also participates in responses mediated by intracellular TLRs. It was
shown to bind directly to dsRNA and interact with endosomally Ioca'lised TLR3, TLR7
and TLR9. Although the presence of CD14 enhances responses to these TLRs, its
absence does not completely abolish Poly(l:C), imiquimod and CpG DNA mediated
signalling, suggesting involvement of additional accessory molecules (Baumann et al,
2010; Lee et al, 2006). In addition, CD14 mediates sensing of various pathogens,
mostly viruses, such as RSV, VSV, influenza virus and human cytomegalovirus (HCMV)

(Compton et al, 2003; Georgel et al, 2007; Kurt-Jones et al, 2000).
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1.4.3.3 CD36

CD36 is a double-spanning plasma membrane glycoprotein classified as a class
B scavenger receptor family member (Calvo et al, 1995; Hoebe et al, 2005). CD36 was
initially characterised as an accessory molecule implicated in enhancing TLR2/TLR6-
mediated responses to LTA, MALP2 and diacylated lipopeptide. Deficiency of CD36 led
to increased susceptibility to infection by the Gram-positive bacteria Staphylococcus
aureus (Hoebe et al, 2005; Stewart et al, 2010).

CD36 associates with the heterodimer TLR2-TLR6 exclusively upon ligand
stimulation. Following activation the TLR2/TLR6 complex aggregates within lipid rafts
at the plasma membrane, where it associates with CD36 and then translocates to the
Golgi apparatus (Triantafilou et al, 2006). Importantly, CD36 has been also linked with
the immune response to oxidized low-density lipoprotein (oxLDL) and amyloid- fibrils,
via CD36-TLR4-TLR6 complex formation (Stewart et al, 2010). In recent studies Sheedy
et al. demonstrated that CD36 coordinates conversion of soluble oxLDL and amyloid-f3
into crystals or fibrils, which subsequently leads to lysosomal disruption and NLRP3
inflammasome activation (Sheedy et al, 2013). This points towards a key regulatory
role of CD36 and its potential as a therapeutic target in three major diseases namely

atherosclerosis, Alzheimer’s disease, and type 2 diabetes.

1.4.3.4 HMGB1

High-mobility group box (HMGB) proteins 1, 2 and 3 are nuclear proteins acting
as universal sensors for nucleic acids. All three HMGB family members are capable of
direct interaction with DNA and/or RNA and induction of type | IFN and
proinflammatory cytokine production (Tian et al, 2007; Yanai et al, 2009). HMGB1 is
the best characterised member of HMGB family and it has been shown to interact with
TLR2 and TLR4, as well as receptor for advanced glycation endproducts (RAGE). The
association of HMGB1 and TLR4 enhances the formation of neutrophil extracellular
traps (NETs) (Tadie et al, 2012) as well as the production of TNFa in macrophages
(Yang et al, 2010a). HMGB1 associates with both TLR9 and its ligand CpG DNA and

mediates endosomal TLR9 trafficking. Absence of HMGB1 leads to impaired expression
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of type | IFNs and proinflammatory cytokine production in response to CpG DNA. Thus,
HMGB1 is required for TLR9 mediated responses to CpG DNA (lvanov et al, 2007; Tian
et al, 2007).

1.4.3.5 LL37

Endogenous antimicrobial peptide LL37 acts as a TLR9 accessory molecule,
involved in binding and delivery of self-DNA to TLR9 in plasmacytoid dendritic cells
(pDCs) (Filewod et al, 2009; Ganguly et al, 2009; Gilliet & Lande, 2008; Lande et al,
2007). In pDCs, LL37-DNA complexes are internalised and directed to the early
endosomes where they regulate TLR9 dependent IFNoa production. Enhanced
expression of LL37 has been linked with the autoimmune skin disease termed
psoriasis, where self-DNA coupled with LL37 activates pDCs (Filewod et al, 2009;
Ganguly et al, 2009; Gilliet & Lande, 2008; Lande et al, 2007). LL37 has also been
reported to associate with LPS and prevent LPS induced TNFa production (Brown et al,
2011), and with single stranded RNA (ssRNA) to boost signalling by TLR7 and TLRS8
(Filewod et al, 2009; Ganguly et al, 2009; Gilliet & Lande, 2008; Lande et al, 2007).
Interestingly, a recent study by Lai et al. demonstrated that LL37 functions as a positive
regulator of the TLR3 signalling pathway in response to viral dsRNA. Thus, LL37 acts as
an accessory molecule involved in binding and delivery of self-nucleic acids to

endosomal TLRs (Lai et al, 2011).

1.4.4 TLR4 interactor with leucine rich repeats (TRIL)

The accessory molecule of particular interest in this project is TLR4 interactor
with leucine rich repeats (TRIL). TRIL was initially identified in a search for novel LPS
inducible genes in cells derived from wild-type and Mal deficient mice. TRIL is highly
conserved and its homologues have been identified across many species including
human, mouse, cow, chicken, rat and most recently zebrafish (Carpenter et al, 2009;
Pietretti et al, 2013).

TRIL is highly expressed in a number of tissues such as spinal cord, lung, kidney

and ovary, with the most elevated level reported in the brain, particularly
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hippocampus, cortex and cerebellum and brain specific cells, astrocytes (Carpenter et
al, 2009). In addition, Carpenter et al. have demonstrated that the high expression of
TRIL reported in the brain can be further enhanced following LPS stimulation both in
vitro and in vivo (Carpenter et al, 2009).

Structurally, TRIL consists of an N-terminal LRR domain, type Il fibronectin
domain and a transmembrane region localised at the C-terminal site. Additionally, a 23
aa signal sequence common for proteins directed to the ER has been reported at the
N-terminal site of TRIL (Walter & Johnson, 1994). The structure of TRIL is illustrated in
Figure 1.7. The LRR domain of TRIL, consisting of 13 LRR motifs, is highly similar to the
LRRs present in the other accessory molecule CD14, as well as those found within the
TLR family members (Palaniyar et al, 2002). Similarly, the predicted horseshoe shape
structure of the LRR domain of TRIL exhibits high structural resemblance to the LRR
domain of CD14 and other LRR proteins, such as brain-enriched; the LRR and Ig domain
containing Nogo interacting protein (LINGO), the fibronectin-leucine-rich
transmemebrane (FLRT), and the Amphoterin-induced gene and ORF (AMIGO) family
of proteins (Carpenter et al, 2009), all of which have been shown to play a role in the
neuronal system, primarily in neurite outgrowth and cell differentiation.

Functionally, TRIL has been identified as a component of the TLR4 signalling
complex. TRIL is capable of direct interaction with TLR4 and its ligand LPS. Moreover,
TRIL was found to enhance TLR4 mediated responses following LPS stimulation.
Human astrocytoma cells stably overexpressing TRIL demonstrate enhanced cytokine
production in response to LPS, whereas siRNA silencing of TRIL attenuates LPS induced
signalling and cytokine production in various cell types such as peripheral blood
mononuclear cells (PBMCs) and primary murine mixed glial cells. Therefore, TRIL
represents an additional accessory molecule in the TLR signalling network, acting as a
positive regulator of TLR4 mediated responses (Carpenter et al, 2009).

An increasing amount of data reports involvement of TLR mediated responses
in the pathogenesis of neurodegenerative diseases within the central nervous system
(CNS), such as Alzheimer’s disease (AD), Parkinson’s disease (PD) and multiple sclerosis

(MS). Notably, the expression of TRIL is enhanced in brain samples from patients with
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Alzheimer’s disease (Carpenter et al, 2009). Additionally, a recent study by Rabin et al.
has demonstrated elevated levels of TRIL in the CNS of patients suffering from
amyotrophic lateral sclerosis (ALS), a fatal neurodegenerative disease characterised by
weakness resulting from loss of motor neurons (Carpenter et al, 2009; Rabin et al,
2010). It is therefore possible that TRIL plays a role in the pathogenesis of

neurodegenerative disorders.

811 aa
l 25 375 588 686 697 717

' oo o

N-terminus

13 LEUCINE
RICH REPEATS

| TYPE Il FIBRONECTIN DOMAIN
Lumen

TRANSMEMBRANE
DOMAIN

Cytoplasm

C-terminus

Figure 1.7 Domain structure and membrane topology of TRIL

Figure 1.7 represents domain structure and membrane topology of TRIL (A and B,
respectively). A, The 811 amino acids protein consists of 13-leucine rich repeats (LRR) localised
at the N-terminal end, followed by the type Il fibronectin domain (Fn) and the transmembrane
domain (Tm) present on its C-terminus. Additionally TRIL also contains a 23-aa signal sequence
(ss) present on the N-terminal site. B, TRIL is a membrane bound protein. Present at the N-
terminal site of TRIL 13 LRRs form the horseshoe-like shape with the N- and C-terminal capping
structures (indicated by the yellow cubes). Most of the protein is localised in the lumen of
some sort of intracellular organelle, while the short tail region is found in the cytoplasm.
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1.5 TLRs and the central nervous system (CNS)

TRIL, which is the main focus of this project, has been identified as a brain
enriched-protein implicated in the regulation of TLR4 signalling. | will now describe in
more detail the expression pattern and function of TLRs within the CNS.

CNS inflammation largely depends on the brain resident cells, microglia and
astrocytes constitutively expressing various PRRs, most predominantly TLRs. An active
role of glial cells in the immune response is associated with both beneficial and
detrimental effects. Acute inflammation of the brain is largely advantageous as it
results in pathogen clearance and infection resolution. However, excessive or

prolonged inflammation can lead to deleterious neurodegeneration.

1.5.1 Expression of TLRs in brain

TLRs are widely expressed in a number of tissues, including the brain. Highly
vascularised sites of the brain, such as meninges, choroid plexus and circumventricular
organs (CVOs) have been characterised as the main sites of TLR expression within the
brain. The expression of TLRs was also reported in microglia and astrocytes, as well as
neurons comprising the resident cells of the brain parenchyma (Kielian, 2009). Figure

1.8 represents the repertoire of TLRs expressed within glial cells and neurons.

1.5.1.1 Microglia

Microglia, similar to macrophages and dendritic cells, originate from the
myeloid lineage and therefore are often referred to as ‘resident macrophages’ of the
brain, acting as principle immune effector cells. Like other macrophage-like cells,
microglia express a wide repertoire of PRRs, including all known TLR family members.
Microglia constitutively express TLRs 1-9, with TLR3 and TLR4 at significantly higher
levels, and TLR2 being the most highly expressed among all TLRs (Bsibsi et al, 2002;
Laflamme et al, 2003; Zekki et al, 2002).
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1.5.1.2 Astrocytes

Astrocytes are also major contributors to brain inflammation.
Neuroectodermal-derived astrocytes constitutively express TLRs 1-5 and TLR9 (Bsibsi
et al, 2006; Bsibsi et al, 2002; Carpentier et al, 2005; Jack et al, 2005), with particularly
high levels of TLR3 in both human and mice (Carpentier et al, 2005; Farina et al, 2007;
Jack et al, 2005). Moreover, high basal expression of TLR3 can be further enhanced
following Poly(l:C) and LPS ligand stimulation as well as viral infection (Carpentier et al,
2005; Town et al, 2006). TLR3 is primarily directed to endosomal compartments,
however in human astrocytes it was reported to be expressed both intracellularly and
at the plasma membrane (Bsibsi et al, 2002; Jack et al, 2005). Apart from their role in
inflammation, astrocytes provide nutrients for neuronal cells and mediate processes
like formation of the blood brain barrier (BBB), tissue damage and neurotoxicity

(Farina et al, 2007).

1.5.1.3 Oligodendrocytes and neurons

Increasing evidence indicates that neurons and oligodendrocytes also express
TLRs (Hoffmann et al, 2007; Lehnardt, 2010; Lehnardt et al, 2003; Trudler et al, 2010).
Oligodendrocytes express restricted number of TLRs and thus far have been reported
to express TLR2, TLR3 and TLR4, which have been implicated in the regulation of repair
and remyelination, following injury within the CNS (Kigerl et al, 2007).

In contrast neurons have been found to express a broader spectrum of TLRs,
including all of the intracellular TLRs, TLR3, TLR7, TLR8 and TLR9, as well as
extracellularly localised TLR2 and TLR4 (Kim et al, 2007b; Lehmann et al, 2012; Ma et
al, 2007; Ma et al, 2006; Trudler et al, 2010; van Noort & Bsibsi, 2009). The main
function of these receptors, apart from mediating the innate immune responses,
appears to be the control of cellular migration and differentiation as well as processes

of tissue development and repair (Trudler et al, 2010; van Noort & Bsibsi, 2009)
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Figure 1.8 Expression patterns of TLRs in CNS cells

Microglia express a whole repertoire of TLRs, with high expression levels of TLR2-4
(marked in red). Astrocytes express TLRs 1-5, most prominently TLR3 (marked in red).
Oligodendrocytes and neurons also express TLRs, oligodendrocytes were found to
express TLR2, TLR3 and TLR4, while neurons express all of the intracellular TLRs (TLR7-
9 and TLR3) and the membrane bound TLR2 and TLR4.

1.5.2 Function of TLRs in infection of the CNS

CNS infections can be divided into three main types based on the site where
the infection occurs. These are meningitis, which affects the membranes surrounding
the brain, encephalitis associated with the inflammation within the brain parenchyma
and myelitis, which occurs in the spinal cord. Meningitis and encephalitis are the most
common types of CNS infection, triggered primarily by bacterial and viral infections
and mediated largely by TLRs governing production of proinflammatory mediators and

type | IFNs, which have been associated with either beneficial or detrimental effects.
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1.5.2.1 TLR function in bacterial CNS infection

A number of TLRs have been implicated in mediating the immune response to
bacterial infections in glial cells. TLR2 and TLR4 are the main TLRs responsible for
triggering the anti-bacterial immune response in the brain. Stimulation of microglia
with LPS leads to production of proinflammatory cytokines mediated by TLR4 (Qin et
al, 2005). Similarly, stimulation of glial cells with TLR2 ligands, bacterial PGN and LTA
triggers their activation (Kielian et al, 2005b; Olson & Miller, 2004; Phulwani et al,
2008). Astrocytes expressing TLR2 are capable of sensing both PGN and as well as an
intact Staphylococcus aureus, in contrast to microglia where the S. aureus response
was found to be largely TLR2 independent (Esen et al, 2004; Kielian et al, 2005b).
Combined action of multiple TLRs, including TLR2 and TLR4, was found to be essential
for initiating the microglial immune response to a number of bacterial strains such as
Neisseria meningitides, Streptococcus pneumonia, and Lysteria monocytogenes.
Additionally, TLR9 expressed in microglial cells is capable of sensing bacterial DNA
derived from live S.pnaumoniae and N.meningiditis and contributing to TLR2 and TLR4
dependent responses to these pathogens ((Carpentier et al, 2008; Hanke & Kielian,
2011; Koedel et al, 2003; Mogensen et al, 2006).

Interestingly TLR2 mediated immune responses to Streptoccocus sp. were
found to be both beneficial and toxic to the cells of the CNS (Hoffmann et al, 2007;
Lehnardt et al, 2006). Similarly, a direct injection of TLR2 agonist Pam3CSK4 into the
CNS can lead to TLR2 dependent neurodegeneration (Hoffmann et al, 2007). TLR4-
mediated signalling triggered by LPS has also been implicated in microglial activation
leading to favourable pathogen elimination, as well as neuronal injury and

oligodendrocyte death and demyelination (Lehnardt et al, 2003).

1.5.2.2 TLR function in viral CNS infection

TLR activation is also correlated with neurotropic viral infections, where TLRs
were shown to mediate both protective and destructive innate immune reponse
against CNS viruses. TLR3 is constitutively expressed in glial cells, most predominantly

in astrocytes and microglia (Bsibsi et al, 2002; Carpentier et al, 2005; Farina et al, 2005;
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Scumpia et al, 2005). Microglial cells expressing high levels of TLR3 are capable of
responding to the TLR3 ligand Poly(l:C), and sensing of Theiler's murine
encephalomyelitis virus (TMEV). TLR3 mediated activation of microglia leads to IFN,
IL1B and IL6 production (Bsibsi et al, 2002; Kielian et al, 2005a; Olson & Miller, 2004).
Similarly, astrocytes expressing substantial levels of TLR3 produce proinflammatory
cytokines, when stimulated with Poly(l:C) (Bsibsi et al, 2002; Farina et al, 2005). TLR3
acts primarily as a sensor of viral dsRNA, however it has been also implicated in
sensing of ssSRNA and DNA neurotropic viruses, such as WNV, VSV and HSV-1, though
an intermediate form of dsRNA generated during viral replication of ssRNA viruses and
during the transcription of DNA viruses (Kawai & Akira, 2007; Wang et al, 2004). Most
recent studies by Tatematsu et al. demonstrated that TLR3 acts also as a sensor of
incomplete stem structures in viral RNA derived from poliovirus (Tatematsu et al,
2013).

TLR3 has been shown to provide a protective immunity to poliovirus, where
following viral infection actived TLR3-TRIF signalling pathway limits viral replication in a
number of organs, including brain and spinal cord (Oshiumi et al, 2011).

A study by Wang et al. reported a key role for TLR3 in the neurotropic ssRNA
WNYV infection in the brain (Wang et al, 2004). TLR3 was shown to contribute to viral
lethality by enhancing peripheral cytokine production, leading to the BBB disruption
and viral dissemination throughout the brain (Wang et al, 2004; Wilson et al, 2008).
Thus, TLR3 deficient mice were more resistant to WNV infection compared to WT
animals (Wang et al, 2004; Wilson et al, 2008). In subsequent studies however, TLR3
was demonstrated to have an opposite effect, contributing to protection against lethal
WNYV infection (Daffis et al, 2008). The exact role of TLR3 in WNV infection is therefore
yet to be clarified. As previously mentioned, the TIR domain-containing adaptor SARM
has been found to play a role in the lethal WNV infection. SARM is preferentially
expressed in CNS resident cells, most prominently in neurons (Carty et al, 2006; Peng
et al, 2010). In vivo studies on SARM deficient mice demonstrated increased viral
replication and higher mortality following WNV infection when compared to WT mice

(Szretter et al, 2009). Additionally, lack of SARM resulted in decreased TNFa
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expression. Thus SARM was suggested to play a protective role in WNV infection and
neuronal injury in brain. Interestingy, recent studies by Hou et al. revealed that SARM
also plays a positive role in the antiviral response to neurotropic VSV infection, where
SARM deficient mice demonstrated reduced CNS injury and cytokine production within
the brain (Hou et al, 2013).

Expressed within microglia and astrocytes TLR2 also plays a role in the antiviral
response within the brain. TLR2 deficient mice were found to be protected from lethal
encephalitis mediated by the HSV-1 (Kurt-Jones et al, 2004). Following intracranial
injection with HSV-1, TLR2 deficient mice demonstrated decreased inflammatory
response within the brain, leading to an increase in the overall survival (Kurt-Jones et
al, 2004). Similar to TLR2, TLR9 is also implicated in the immune response to HSV-1
infection of the brain. In fact both TLR2 and TLR9 were found to act synergistically
during the HSV-1 encephalitis. Double TLR2/TLR9 knockout mice displayed significantly
increased susceptibility to HSV-1 encephalitis compared to mice deficient in either
TLR2 or TLR9 alone (Lima et al, 2010). Interestingly, genetic studies in children carrying
an autosomal dominant mutation of TLR3 uncovered a protective role for TLR3 in HSV-

1 encephalitis (Guo et al, 2011; Zhang et al, 2007).

1.5.2.3 TLRs in neuronal injury

TLR activation in the CNS has been associated with both positive and negative
effects on the brain. TLRs mediate pathogens clearance and infection resolution, but
can also cause irreversible neuronal damage. Stimulation with LPS both in vitro and in
vivo leads to neuronal damage mediated primarily by TLR4 expressed in microglia
(Lehnardt, 2010; Lehnardt et al, 2003). Similarly, TLR2 mediated immune responses to
Streptoccocus sp. were found to be both beneficial and toxic to the cells of the CNS
(Hoffmann et al, 2007; Lehnardt et al, 2006).

Ischaemic brain injury results from a loss in blood supply to a specific region of
the brain that follows a stroke. Recent data established a role for TLRs in brain
inflammation following stroke. While TLR activation after ischemia leads to tissue

damage and neuronal death, their induction prior to stroke was associated with
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neuroprotection (Abe et al, 2010). Many studies have reported important roles for
TLR2 and TLR4 prior to and post the ischeamic brain injury. In vivo studies on TLR4
deficient mice revealed decreased infarct size, as well as lower expression of matrix
metaloproteinase 9 (MMP9) and other proteins associated with brain damage

following stroke in these animals (Qiu et al, 2010).

1.5.2.4 Role of TLRs in neurodegenerative diseases

A number of studies have revealed a functional implication of TLRs and also TLR
accessory proteins such as CD14 and MD2 in the pathogenesis of neurodegenerative
disorders such as Alzheimer’s disease, Parkinson’s disease and amyotropic lateral

sclerosis.

1.5.2.4.1 TLRs in Alzheimer’s disease

AD is a progressive neurodegenerative disease of which the etiology, despite
intensive research remains unknown. The pathological signs of AD comprise of
extracellular senile plagues and intracellular neurofibrillary tangles (NFTs), both
resulting from the accumulation of 3 amyloid (AB). Both of them are also considered as
activators of potentially pathological immune responses mediated by TLRs expressed
primarily in microglia. Fibrillar AB directly induces microglial activation via TLR2, TLR4
and the accessory molecule CD14. Increased expression of TLR2, TLR4 and CD14 has
also been demonstrated in the brain of AD patients (Fassbender et al, 2004; Liu et al,
2005). Additionally, the injection of AP into the hippocampus triggers an increase in
TLR2 expression (Richard et al, 2008). The loss of function mutation in TLR4 was shown
to inhibit the Ap mediated activation of microglia, resulting in lower production of
proinflammatory cytokines IL6 and TNFo (Walter et al, 2007). Additionally, the
presence of the TLR4 accessory proteins MD2 and CD14, proved essential for sensing
AP by microglia (Walter et al, 2007). Recent studies by Reed-Geaghan et al. also
demonstrated a direct interaction between CD14 and the fibrillar form of A, thus
emphasizing even further the importance of this co-receptor in the TLR4 mediated

response to AP (Reed-Geaghan et al, 2009). It is becoming clear that TLRs play an
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important role in the pathogenesis of AD, nevertheless their exact role in this disease

has yet to be clarified.

1.5.2.4.2 TLRs in Parkinson’s disease

PD is a neurodegenerative disorder characterised by intracellular inclusions
called Lewy bodies, comprised of the aggregated a-synuclein (a-syn)(Spillantini et al,
1998). a-syn, similarly to AR triggers activation of microglia through TLRs leading to
increased proinflammatory cytokine production (Beraud et al, 2011). In vivo studies
have revealed enhanced expression of TLR4 and CD14 in the animal model of PD
(Panaro et al, 2008). Additionally, increased expression of TLR4 has been reported in
the brains of patients suffering from a PD like neurodegenerative disease multiple
system atrophy (MSA), characterised by oligodendrocytic accumulation of a-syn
(Stefanova et al, 2007). Interestingly, recent studies by Kim et al. demonstrated that
the extracellular oligomeric a-syn released from neuronal cells acts as an endogenous
agonist of TLR2, triggering activation of microglia cells (Kim et al, 2013). Therefore

similar to TLR4, TLR2 may also play a role in the pathogenesis of PD.

1.5.2.4.3 ALS and TLRs

ALS also known Lou Gehrig’s disease leads to selective loss of motor neurons
(Lomen-Hoerth, 2008). Recent studies have demonstrated increased expression of
TLR2, TLR4 and RAGE in the spinal cord of sporadic ALS patients (Casula et al, 2011).
TLR2 was predominantly detected in microglia, whereas the TLR4 and RAGE were
strongly expressed in astrocytes (Casula et al, 2011). Activation of TLR2 and TLR4 may
contribute to the progression of inflammation, resulting in motor neuron injury,
however further studies are needed to evaluate the exact role of these receptors in

the pathogenesis of ALS.
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1.6 Project aims and objectives

TRIL is a novel LRR domain containing protein involved in the regulation of TLR4
mediated signalling. TRIL, which is highly expressed in the brain has been reported to
enhance TLR4 responses via direct interaction with the receptor and its ligand LPS
(Carpenter et al, 2009). Although TRIL has been characterised as a novel component
and modulator of the TLR4 signalling complex, no further investigations were carried
out into the function of TRIL in the regulation of other TLR signalling pathways.
Additionally the role of TRIL in the in vivo setting has never been examined.

The main focus of this project is to further characterise TRIL, provide new
insights into its function within the TLR signalling pathway, identify novel potential
binding partners of TRIL and expand our understanding of TRIL’s role in the TLR
mediated response, particularly within the brain, using in vivo models of bacterial and

viral infection. The specific aims are as follows:

1. Determine the exact location of TRIL within cellular compartments using

different cell types

2. ldentify novel binding partners of TRIL within the TLR family, and determine the

functional outcome of the identified interactions

3. Examine the in vivo role of TRIL in TLR-mediated responses in bacterial and viral

disease models

4. Provide new insights into the role of TRIL in the modulation of brain

inflammation

Overall, | have uncovered a role for TRIL in TLR3 signalling and from in vivo studies
revealed a role for TRIL in the regulation of the immune response to bacterial and viral

infection in the brain.

46



CHAPTER TWO

Materials and Methods
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2.1 Materials

Reagent Source
Dulbecco’s Modified Eagles Medium (DMEM) Gibco® Biosciences
Roswell Park Memorial Institute (RPMI) medium Gibco® Biosciences
Phosphate Buffered Saline (PBS) Gibco® Biosciences
Trypsin-(Ethylenediaminetetraacetic acid) EDTA Sigma®
a-thioglycerol Sigma®
Trypan Blue Sigma®
Fetal Calf Serum (FCS) Biosera
Macrophage Colony-Stimulating Factor (MCSF) obtained from L929 cells
Granulocyte-Macrophage Colony-Stimulating Factor (GM-CSF) obtained from the J558 cells
Red Blood Cell Lysing buffer Sigma®
Trypsin Sigma®
Penicillin Streptomycin (PS) Sigma®
Ciprofloxacin Sigma®
G418 Sigma®
Puromycin Sigma®

Table 2.1 Reagents used for tissue culture

Cell line Description/Source

HEK-293T Human embryonic kidney 293 cells
European collection of animal cell cultures (ECACC)
Human astrocytoma cell line
Va9 European collection of animal cell cultures (ECACC)
U373 TRILVS Human astrocytoma cell line stably overexpressing TRIL-V5
Generated in the lab by Dr. Susan Carpenter

THP-1 Human acute monocytic leukemia cell line

European collection of animal cell cultures (ECACC)

Table 2.2 Cell lines

Name Description Source
LPS Lipopolisacharide from E.coli, TLR4 ligand Enzo Life Sciences
Polyinosinic-polycytidylic acid (Poly(l:C)), synthetic
Poly(l:C) analogue of double-stranded RNA (dsRNA), specific InvivoGen

ligand for TLR3
Pam3Cys-Ser-(Lys)4, Hydrochloride, selective agonist

Pam3CSK4 of TLR2 InvivoGen
Resiquimod 848, imidazoquinoline compound, ligand -
R848 for TLR7/TLRS InvivoGen
IL1B Recombinant human IL1f R&D Systems®
PMA phorbol 12-myristate 13-acetate, used for monocytes -

differentiation (stock concentration 5 mg/ml)
Table 2.3 Ligands used for cell stimulation
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Reagent Source

Gene Juice® Novagen
Lipofectamine™ 2000 Invitrogen
Opti-MEM® Reduced Serum Media Life Technologies™

Table 2.4 Ligands used for cell tranfection

Name Features Source
pCMV6-AC-GFP TRIL in pPCMV6-AC-GFP expressing vector i
TRIL-GFP C-terminal GFP tag -
o . Technologies®
ampicilin resistant
TRIL i V6-AC-RFP i
DCMV6-AC-RFP : tIL in .pC:\/IRFGP tAC RFP expressing vector Giigene
TRIL-RFP er'rT.n.na . o5 Technologies®
ampicilin resistant
pCMV6-AC-YFP TRIL in pCMV6-AC-GFP expressing vector Oficane
TRIL-YFP C-terminal YFP tag g .
i : Technologies®
ampicilin resistant
SARM in pEGFP-N1 expressing vector
PEGFP-N1 g s .
Under cytomegalovirus (CMV) promoter Gift from
SARM-GFP A !
N-terminal GFP tag Prof. A.Ding
kanamycin resistant
ER-CFP kanamyur} resnstant' : Blonstach
KEDL motif of calreticulin (ER marker)
(st .
Golgi-CEP kanamycin resistant . Gift from ,
1,4- galactosyltransferase (Golgi marker) Prof. H.Husebye
kanamycin resistant Gift from
EEA1-CFP
EEA1 (early endosome antigen 1) Prof. H.Stanmark’
pcDNA 3.1 ampicillin resistant Strategene
TLR3 i DNA 3.1 i tor
pcDNA 3.1 ol mCFI\)/TV ok texrpressmg o e Gift from
TLR3-Flag kg e Prof. K.Fitzgerald’
ampicillin resistant
TLR2, i DNA 3. i
DCDNA 3.1 :2, lg&; A3 1texpressmg vector Gift from
TLR2-Flag un e.r. - p.romo o Prof. K.Fitzgerald3
ampicillin resistant
SEFiBos (S:AtRMmiir;eleersGsiton vector pEF-Bos Sitk e
SARM-Flag SEABLTEEAR Lok Dr. M.Carty*
ampicillin resistant
TRIL, i DNA 3.1 i ct
pcDNA 3.1 unde:nCFriACV romo:etpressmg g Generated by
TRIL-V5 Bl p. Dr. S. Carpenter
ampicillin resistant
DGL3-NF-kB Firefly Iuc.iferase reporter under NF-KB prgmoter Gift from
. *  NF-kB-luciferase constructs contains 5kB sites . 5
luciferase . : Dr. R. Hofmeister
upstream of the luciferase gene in the pGL3-NF-

1 Department of Microbiology and Immunology, Weill Medical College of Cornell University, New
York, NY 10021

2 University of Massachusets Medical School, Worcester, MA, USA

3 University of Massachusets Medical School, Worcester, MA, USA

4School of Biochemistry and Immunology, Trinity College, Dublin 2, Ireland

5 Universitet Regensburg, Regensburg, Germany
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KB vector
* ampicillin resistant
* |SRE construct containing five repeats of the ISRE
pGL3-ISRE sequence from the ISG15 promoter in the pGL3- Clontech
luciferase ISRE vector
* ampicillin resistant

* Renilla luciferase reporter in pRL-TK,

pRL-TK-Renilla
g * under HSV-TK promoter Promega
luciferase 2 X
* ampicilin resistant
. o : it
oMD2.G Ient|.v|_r‘fll pac.kagmg vector Gi t.from \
* ampicilin resistant Prof. K Fitzgerald
pCMV- * lentiviral packaging vector Gift from
dR8.74psPAX2 * ampicilin resistant Prof. K Fitzgerald"

Table 2.5 Expression vectors

Name Source Product code
Human pTRIPZ lentiviral inducible shRNAmir individual clone Open Biosystems V2THS_95531
Non-silencing TRIPZ Lentiviral shRNAmir Control Open Biosystems RHS4743
TRC mouse shRNA individual clone (pLKO.1 vector) Open Biosystems | TRCNO000191275
TRC mouse shRNA individual clone 2 (pLKO.1 vector) Open Biosystems | TRCN0000201250
pLKO.1 empty vector control Open Biosystems RHS4080
Doxycycline Sigma® -
Polybrene Sigma® -

Table 2.6 Lentiviral shRNA and control vectors and reagents

Reagent/Commercial kit Source

Dr5a™ Invitrogen™
EndoFree Plasmid Maxi Kit Qiagen
Wizard® Plus SV Miniprep DNA Purification System Kit Promega
RLT Buffer Qiagen
Qiazol Buffer Qiagen
RNeasy Mini Kit Qiagen
High Capacity cDNA Reverse Transcription Kit Applied Biosystems
iScript Select cDNA Synthesis Kit Bio-Rad
TagMan® Fast Universal PCR Master Mix (20x) Applied Biosystems
iQ™ SYBR® Green Supermix Bio-Rad
dNTP mix Promega
DNA markers New England Biolabs

Table 2.7 Reagents used for DNA and RNA purification

Reagent Source

Protein A/G-plus agarose beads Santa-Cruz Biotechnology®
Biotinylated Poly(l:C) Invivogen
Phenylmethanesulfonyl fluoride (PMSF) Sigma®
Sodium orthovanadate (NasVO,), Sigma®
Leupeptin Sigma®
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Aprotinin Sigma®
20X LumiGLO® Reagent and 20X Peroxide Supersignal® Cell Signaling Technology®
Coelentrazine Calbiochem
Passive Lysis Buffer Promega
Dithiothreitol (DTT) Sigma®
N,N,N’,N’-tetramethylethanediamine (TMED) Sigma®
Amonium persulphate (APS) Sigma®

30% Acrylamide/Bis-acrylamide solution

National Diagnostics

Pre-stained protein marker

New England Biolabs®

Polyvinylidene difloride (PVDF) Millipore
Lumi-light western blotting substrate Roche
Re-Blot Plus Solution Millipore

Table 2.8 Reagents used for western blotting, co-immunoprecipitation and luciferase

assays

Reagent Source

Fibronectin Sigma®

Poly-L-Lysine Sigma®

Tx-100 Sigma®

Formaldehyde Sigma®
ProLong® Gold Mounting Solution Invitrogen

Fix&Perm® Cell Fixation and Permeabilization AGD®
CellMask™ Plasmam Membrane Stain Invitrogen
MitoTracker® Red CMXRos Invitrogen

Hoechst Sigma®

4',6-Diamidino-2-Phenylindole, Dihydrochloride r
Invitrogen
DAPI
Bovine Serum Albumin (BSA) Sigma®

Table 2.9 Reagents used for confocal analysis

Name Features Source
Antibodies used for co-lmmunoprecipitation and western blotting
anti rabbit 1gG Rabbit polyclonal (whole molecule) pacha
Immunoresearch
anti mouse IgG Mouse polyclonal (whole molecule) i
Immunoresearch
anti Flag Mouse monoclonal anti-Flag antibody Sigma®
Rabbit polyclonal raised against a peptide ]
anti TRIL sequence in the C terminus of TRIL Eurog:e;;l;/;ilccaﬁztury
(aa 797-811-SLRREDRLLQRFAD)
anti TRIF Rabbit polyclonal anti TRIF antibody Cell signalling
anti V5 Mouse monoclonal anti V5 antibody Sigma®
anti B-actin Mouse monoclonal anti $-actin antibody Abcam
anti SARM Rabbit polyclonal anti SARM antibody Sigma®
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Jackson

Horse radish peroxidase (HRP) conjugated secondary antibodies
Immunoresearch

Antibodies used for confocal microscopy studies

P idase-conjugated AffiPure Goat Anti-
anti Mouse 1gG bl i iy Jackson Immunoresearch
Mouse IgG
anti V5 Rabbit polyclonal to VS tag (FITC conjugated) Abcam
anti TLR3 Goat polyclonal anti TLR3 antibody Santa Cruz
anti Flag Mouse monoclonal anti-Flag antibody Sigma®
ey mous.e seconcany Alexa 488 Secondary antibody Invitrogen
antibody
. goat.secondary Alexa 647 Secondary antibody Invitrogen
antibody

Table 2.10 Antibodies used for western blotting, co-Immunoprecipitation and
confocal microscopy studies

Reagent Source
DuoSet ELISA kits R&D Systems®
3,3’,5,5,-tetramethyl-benzidine (TMB) Sigma®
Tween® 20 BD Biosciences

Table 2.11 Reagents used for ELISA assay

%) C De DTIO
E.coli BL21 strain
VSV VSV Indina (IND) strain

Table 2.12 Bacterial and viral strains used for in vivo studies

2.2 Methods
2.2.2 Cell culture
2.2.2.1 Growth and maintenance of cell lines

All cell lines were stored in liquid nitrogen. Cells were stored in 80% (v/v) FCS
and 10% (v/v) DMSO and 10 % DMEM in plastic cryovials placed in liquid nitrogen. Cells
were thawed at 37°C, then removed from liquid nitrogen and immediately placed in 10
ml of warm DMEM media supplemented with 10% FCS and 1% PS. Cells were
centrifuged at 290 x g for 5 min and the pellet was resuspended in 10 ml of
appropriate media depending on the cell type. The human astrocytoma U373 and
human embryonic kidney (HEK)-293T cells were resupsended in DMEM supplemented
with 10% FCS and 1% PS. The human monocytic THP-1 cells was placed in RPMI media

containing 10% FCS and 1% PS. Cell lines were maintained at 37°C with 5% CO, and
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cultured when 80-90% confluent. Certain cell lines were also cultured in respective
media supplemented with the additional antibiotics U373-TRIL-V5 with 300 ug/ml
G418, U373 shRNA-TRIL-RFP and THP-1 shRNA-TRIL-RFP with 3 pg/ml and 2 pg/ml of
puromycin, respectively.

For continuous cell culture, cells were maintained at 1 x 10° cells/ml and
subcultured when 80-90% confluent. In order to subculture, adherent cell lines (U373,
HEK-239T, U373 TRILVS5, U373 shRNA-TRIL-RFP) cells were washed with 5 ml of PBS
prior to addition of 3 ml of 0.25% trypsin/ EDTA for 5 min or until detachment
occurred. 10 ml of complete media was added in order to terminate trypsinisation.
Cells were centrifuged at 290 x g for 5 min. Suspension cell lines (THP-1, THP-1, shRNA-
TRIL-RFP) were directly transferred to sterile 50 ml tube and centrifuged at 290 x g for
5 min In all cases, following centrifugation the supernatant was removed and the cell
pellet suspended using 1 ml of appropriated media. 20 pl of cell suspension was
removed and used to establish the cell number. In order to count cells, 20 ul of cell
suspension was mixed with 180 upl of Trypan Blue solution (cell viability marker,
excluded from healthy cells but taken up by non-viable cells), placed in a
haemocytometer and counted following the calculation procedure: The cell number

from 5 boxes (on grid) x 5 x 10,000 x 10 (dilution factor) = no of cells/ml .

2.2.2.2 Cryo-preservation of cells

Cells were cultured until 80-90% confluent and then harvested and counted as
described above. Cells were centrifuged at 290 x g for 5 min and the pellet was
resuspended in adequate media to obtain a final cell concentration of 10 x 10° cells/ml.
200 pl of the cell suspension was placed in a plastic cryovial with 800 pl of FCS and 100
pul of DMSO. Prepared aliquots were then incubated in a container filled with
isopropanol and placed at -80°C overnight, prior to being placed in liquid nitrogen for

long-term storage.
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2.2.2.3 Primary cells generation
2.2.2.3.1 Generation of bone-marrow derived macrophages (BMDMs)

All utensils used for dissection were autoclaved prior to use and the bone
marrow was harvested in a laminar flow hood. Mice were euthanized using a CO,
chamber and cervical dislocation was performed to confirmed death. The abdomen
and hind legs were sprayed with 70% ethanol. The incision was made in the midline of
the abdomen and the skin pulled back to expose the hind legs. Muscle was removed
from the femur and tibia. Legs were dissected away from the body by cutting at the
ankle and the hip joint. Remaining tissue was removed from the pelvic and femoral
bones that were separated at the knee joint. Both tibia and femur bones were
transferred into a 10 cm dish containing PBS. Bones were cut off at each end. Using a
10 ml syringe filled with PBS and a 25-gauge needle, the bone marrow was flushed out
into a 50 ml tube until bone appeared white. Bone marrow cells were resuspended by
pipetting up and down using a 10 ml pipette. The obtained cell suspension was passed
through a cell strainer and next centrifuged at 450 x g for 5 min at room temperature.
The supernatant was removed and the cell pellet resuspended in 5ml of red blood cell
lysis buffer for 5 min Cells were resuspended in 20 ml of PBS followed by another
centrifugation (450 x g, 5 min). This step was repeated up to three times to ensure that
all red blood cells were lysed. The cell pellet was resuspended in 5 ml of DMEM and
counted as previously described (2.2.2.1). Cells were seeded at 1 x 10° cells/m! in 10cm
dishes in DMEM supplemented with 10% of heat inactivated FCS, 1% PS, 0,1%
ciprofloxacin (10 mg/ml) and 15% MCSF. Cells were left to grow for 8 days, prior to
setting up for experiments. On day 8 cells cells were harvested and seeded at 1 x 10°
cells/ml in 2 ml for a 6 well plate and at 0.1 x 10° cells/ml in 200 ul per well for a 96
well plate. Following the overnight incubation cells were left untreated or stimulated
with various ligands and analysed for the expression and production of

proinflammatory cytokines and chemokines.
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2.2.2.3.2 Generation of bone-marrow derived dendritic cells (BMDCs)

Bone marrow cells were isolated as previously described (section 2.2.2.3.1).
Cells were seeded at 2.5 x 10° cells/ml in 10 cm dishes in RPMI medium containing 10%
FCS and 1% PS, 2mM L-glutamine, 50 uM Bmercaptoethanol and 20 ng/ml GM-CSF.
Cells were left to grow for 8 days, prior to setting up for experiments. On days 3 and 6
the non-adherent cells were removed. The media was removed and replaced with 5 ml
of a fresh media. Collected media was centrifuged at 300 x g for 5 min and 5 ml of the
supernatant was returned to the dish and the cell pellet discarded. On day 8 cells both
the adherent and non-adherent cells were harvested and seeded at 1 x 10° cells/ml in
2 ml for a 6 well plate and at 0.1 x 10°cells/ml in 200 ul per well for a 96 well plate.
Following the overnight incubation cells were left untreated or stimulated with various
ligands and analysed for the expression and production of proinflammatory cytokines

and chemokines.

2.2.2.3.3 Mixed glial cells generation

All instruments used for dissection were autoclaved prior to use. Within the
laminar hood, 1-3 days old neonatal mice were anesthetised with isoflurane and
beheaded using a sterile razor. Following the midline, skin on the skull was cut and the
skull exposed. Small sharp scissors was inserted at the brain stem and the incisions
were made along both sides of the head. The skull was then butterfly opened in order
to expose the brain. Brain was scooped out and rolled on gauze in order to remove the
meninges layer. Using syringe stopper and cell strainer, brain was carefully
homogenised into the 10 cm dish containing 10 ml of DMEM. Mixed glial cells were
resuspended by pipetting up and down using a 10 ml pipette and transferred into a
falcon tube, followed by centrifugation at 300 x g for 3 min. The obtained supernatant
was discarded. The cell pellet was resuspended in 15 ml of DMEM with 10% of heat
inactivated FCS and 1% PS and transferred into a 75T flask. Cells were left to grow for
9-10 days prior to use for experiments. Media was replaced every 2-3 days. Following
incubation cells were plated at 1 x 108 cells/ml in 2 ml for a 6 well plate and at 0.1 x 10°

cells/ml in 200 ul per well for a 96 well plate. Following the overnight incubation cells
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were left untreated or stimulated with various ligands and analysed for the expression

and production of proinflammatory cytokines and chemokines.

2.2.2.3.4 Isolation of glial cells subpopulations

Primary mixed glial cells were isolated as previously described (section 2.2.2.3).
On day 9-10 or when mixed glial cells became confluent the flask was secured by
wrapping the neck and cap with parafilm and shook on orbital shaker at 110 rpm for 2
h at room temperature. Following shaking media containing microglia cells was
transfered into a 50 ml tube and centrifuged at 300 x g for 5 min. The supernatant was
discarded and cell pellet resuspended in 1 ml of DMEM containing 10% FCS and 1% PS.
Cells were counted and plated at 1 x 10°cells/ml in 2 ml in a 6 well plate. Remaining in
the flask astrocytes were trypsinised at previously described (section 2.2.2.1) and
plated at 1 x 10°cells/ml in 2 ml in a 6 well plate. Hippocampal neurons were isolated

and cultured as previously described (Kaech & Banker, 2006).

2.2.3 Plasmid DNA preparation
2.2.3.1 Plasmid transformation and purification

Chemically competent E.Coli (DH50a.) cells were thawed on ice. 2 pl of plasmid
DNA (1-3 pg) was added to 50 pl of competent cells and incubated on ice for 30 min.
Following incubation cells were heat shocked treated for 2 min at 42°C and then
placed on ice for 2 min. Sterile Lauria-Bertani (LB) broth without an antibiotic was then
added to the cells, followed by 1 h incubation at 37°C with shaking (200 rpm). Next,
samples were centrifuged at 15,000 x g, LB broth removed and pellets re-suspended in
200 pl of fresh broth without an antibiotic. The obtained bacterial cell suspension was
then aseptically spread on sterile agar plates containing appropriate antibiotic and
incubated upside down at 37°C overnight. A single bacterial colony was selected,
transferred to 10 ml of LB broth and grown for 6 h at 37°C with shaking (200 rpm).
After incubation 1 ml of bacterial cell suspension was then placed in 100 ml of LB broth
with adequate antibiotic and incubated overnight at 37°C with shaking (200 rpm).

Following incubation bacteria were centrifuged for 15 min at 3200 x g and the
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plasmids were isolated using EndoFree Plasmid Maxi Kit according to the
manufacturer’s instructions. DNA concentration and purity was examined using

NanoDrop ND-100 (Thermo Scientific). Isolated plasmid DNA was stored at -20 °C.

2.2.3.2 Transient transfection of plasmid DNA
2.2.3.2.1 Transfection using Geneluice® reagent

Cells were seeded at a desired concentration and incubated for 24 h prior to
transfection using Geneluice® (liposomal based transfection reagent). 3 ul of
GenelJuice® per 1 pug of DNA and 800 pl of serum-free media (SFM) (DMEM or RPMI)
were mixed and incubated at room temperature for 5 min. Next, correct amount of
the DNA of interest was added to the mixture and incubated for further 15 min at
room temperature. The DNA/Geneluice® mix was added to the cells drop-wise. Cells

were incubated for 24-48 h at 37°C with 5% CO,. Table 2.14 represents the amount of

DNA, GenelJuice®, and SFM used for various experimental formats.

; Total amount of Serum free medium in Volume of Geneluice®
Dish/well format - ; : ;
plasmid DNA transfection mix Transfection Reagent
10cm dish 5 ug 235 ul 15 pl
6 well plate 1pug 100 pl 3l
12 well plate 0.5 pg 50 pl 1.5 ul
96 well plate 220 ng 9.2 ul 0.8 ul
35mm glass-
. 0.5-1
bottomed dish He LERB 3

Table 2.13 Geneluice reagent transfection conditions

2.2.3.2.2. Transfection using Lipofectamine™ 2000 reagent

Cells were seeded at a desired concentration and incubated for 24 h prior to
transfection using Lipofectamine™ 2000 transfection reagent. Two separate
transfection mixtures were prepared, first one containing desired amount of DNA and
second one containing Lipofectamine™ 2000 transfection reagent, both diluted in
Opti-MEM® reduced serum medium. Mixtures were incubated separately at room
temperature for 5 min and them mixed 1:1 followed by additional 20 min incubation

also at room temperature. Media from the cells was removed and replaced with serum
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free/low serum medium lacking antibiotics. The mix was then added drop-wise into
cells. Cells were incubated for 4-6 h at 37°C with 5% CO,. Following incubation media
was change once again and replaced into complete respective growth medium. Cells
were allowed to rest for another 12-24 h at 37°C with 5% CO; before continuing with

the experiment. Table 2.15 represents the amount of DNA, Lipofectamine™ 2000 and

Opti-MEM® medium used for various experimental formats.

Plate Volume of Plating Total amount of Hietettamitie Lipofectamine/DNA
format Medium DNA Dilution Volume (pl)
96-well 100 pl 10-100 ng 0.2-0.5 pl 25 pl
24-well 500 pl 100-200 ng 0.5-1.5 pl 25 pl
6-well 2 ml 0.5-2 pg 2.5-6 pl 250 pl

Table 2.14 Lipofectamine™ 2000 Transfection conditions

2.2.4 Co-immunoprecipitation assay

HEK-239T or U373 cells were set up at 2 x 10° cells/ml in 10 cm dishes and
incubated for 24 h at 37°C with 5% CO,. For co-immunoprecipitation (Co-IP) of
overexpressed proteins, cells were then transfected with plasmids of interest as
outlined in Table 2.5 and incubated for a further 48 h. For an endogenous Co-IP assay
the media was replaced 24 h following plating, and cells were then incubated for 48 h.
Following incubation, media was removed and cells were washed once with an ice cold
PBS. Cells were lysed in 0.5 mi of IP-lysis buffer (10% (v/v) glycerol, 50 mM NaF, 20 mM
Tris-Cl pH 8.0, 2 mM EDTA, 137 mM NaCl, 1% (v/v) Nonidet P-40) or HSLB (10% (v/v)
glycerol, 50 MM HEPES pH 7.5, 100 mM NaCl, 1 mM EDTA, 1% (v/v) Nonidet P-40), with
freshly added protein inhibitors (1 mM orthovanadate (NasVQO,), 0.1 mM PMSF, 1
pg/ml aprotinin and 1 pg/ml leupeptin), transferred to a pre-cooled microcentrifuge
tube and rolled at 4°C for 1 h to ensure that the lysis occurred. If the ColPs were to be
carried out at a later time samples were snap frozen using liquid nitrogen and placed
at -80°C for a maximum time of 48 h, otherwise the following Co-IP protocol was
carried out.

The freshly lysed or defrosted on ice samples were centrifuged at maximum

speed for 5 min at 4°C to remove cell debris. 50 pl of the supernatants were mixed
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with 15 pl of 5X Laemmli sample buffer (10% (v/v) glycerol, 2% (w/v) SDS, 200 pg/ml
bromophenol blue, 125 mM Tris pH 6.8 and 5% B-mercaptoethanol, added just before
use) boiled for 5 min and saved for further SDS-PAGE and western blot analysis as
described in section 2.2.6 and 2.2.7, respectively. The remaining 450 pl of supernatant
was used for immunoprecipitation, using the antibody-coupled beads. 40 pl of A/G-
plus beads slurry (Santa-Cruz Biotechnology) was placed in pre-cooled microcentrifuge
tubes. Desired concentration of the antibody against the protein of interest was added
to A/G-plus beads and incubated overnight at 4°C with rolling. Beads were pelleted by
centrifuging at 2200 x g, 3 min, 4°C and then washed three times using 0.5 ml of IP-
wash buffer (0.5 mM EDTA, 10 mM Tris-Cl pH 7.5, 150 mM NaCl, containing freshly
added protein inhibitors). The samples were centrifuged between each wash to pellet
the antibody-coupled beads. 450 pl of the supernatant was added to prepared
antibody pre-coupled beads and incubated for 3 h or overnight at 4°C with rolling to
allow the antibody to bind the protein of interest. Samples were then washed three
times (2200 x g, 3 min, 4°C) with 0.5 ml of IP-wash buffer and excess of wash buffer
removed using gel loading tip. 50 pl of 5X Laemmli sample buffer was added, samples
were boiled for 5 min and used for further SDS-PAGE and western blot analysis was

carried out as described in section 2.2.6 and 2.2.7, respectively.

2.2.5 Biotynylated Poly(l:C)-streptavidin pull-down

U373 cells were set up at 1 x 10° cells/ml in 10 cm dishes and incubated for 48
h at 37°C with 5% CO,. Following incubation, media was removed and cells were
washed once with an ice cold PBS. Cells were lysed in 100 ul of lysis buffer (1X diluted
from 2X prepared as follows: 20% (v/v) glycerol, 1 M Tris-Cl pH 7.9, 2.5 M NaCl, 0.5
mM EDTA, 0.1 M DTT and 20% (v/v) Nonidet P-40) containing freshly added protein
inhibitors (1 mM orthovanadate (Na3VO;), 0.1 mM PMSF, 1 pg/ml aprotinin and 1
ug/ml leupeptin) Cells were vortexed and incubated for for 20 min at 4°C with
rotation. Following incubation cells were short spinned and 900 pl of wash buffer (10
mM Tris-Cl pH 7.9, 0.5 mM EDTA, 1% NP40) was added to obtain a final volumne of 1

ml. 100 ul of whole cell lysate was mixed with 20 pl of 5X Laemmli sample buffer

59



Chapter 2 Materials and Methods

boiled for 5 min and saved for further SDS-PAGE and western blot analysis as
described in section 2.2.6 and 2.2.7, respectively. Cell debris was removed by
centrifugation at maximum speed for 5 min at 4°C. The remaining 900 pl of cell lysate
was then used for a pull-down using 1 ug of 5’ biotinylated Poly(I:C) (10 ul of a 100
ug/ml stock) and 30 ul pre-washed streptavidin coupled agarose beads (50% w/v).
Samples were incubated for 2 h at 4°C with rotation. Following incubation samples
were then washed three times (2200 x g, 5 min, 4°C) with 0.5 ml of wash buffer and
excess of wash buffer removed using gel loading tip. 30 pl of 5X Laemmli sample buffer
boiled for 5 min and saved for further SDS-PAGE and western blot analysis as
described in section 2.2.6 and 2.2.7, respectively. Blots were probed with the anti-TRIL
and anti-TRIF antibody.

2.2.6 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
Samples were resolved using an SDS-PAGE gel consisting of a 5% stacking gel
used to condense protein and a 10% resolving gel. Volumes for preparing two 10%
resolving gels and two 5% stacking gels are represented in Table 2.16. Gels were
prepared using Bio-Rad® apparatus. A 10% resolving gel was poured first. After the
resolving gel was set, the 5% stacking gel was poured. The gels were run in a BioRad
gel box filled with 1X WB running buffer (1X made from 10X stock, prepared as follows:
30.3g 25 mM Tris, 144g 192 mM glycine, 10g 0.1% SDS and made up to 1L with distilled
H,0) using a constant current 25/30 mA per gel. A pre-stained molecular marker (New

England Biolabs) was run alongside the proteins as molecular weight standards.

10% Resolving gel 5% Stacking gel
30% Acrylamide/Bis-acrylamide mix 5 ml 30% Acrylamide/Bis-acrylamide mix 1ml
1.5 M Tris-HCl pH 8.8 3.8 ml 1 M Tris-HCl pH 6.8 0.75 ml
10% SDS (w/v) 150 pl 10% SDS (w/v) 60 pl
10% APS (w/v) 150 pl 10% APS (w/v) 60 pl
TMED 6 ul TMED 6 ul
H,0 5.9 ml H,0 4.1 ml

Table 2.15 Stacking and resolving gel composition
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2.2.7 Western blot analysis
Electrophoresed on an SDS-gel proteins were then transferred to PVDF
membrane and probed with antibodies in order to visualise protein of interest by

enhanced chemiluminescence (ECL), following the method outlined below.

2.2.7.1 Electrophoretic transfer of proteins

The resolved proteins were transferred to PVDF membrane using a wet transfer
system with all components soaked first in 1X transfer buffer (25 mM Tris pH 8.0, 0.2
M glycine, 20%, methanol. The PVDF membrane was activated with methanol prior to
use. All components were assembled in the following order (bottom (-, cathode) to top
(+, anode)): sponge, 3 layers of filter paper, gel immersed in 1X WB transfer buffer,
methanol activated PVDF membrane, 3 layers of filter paper, sponge. Air bubbles were
carefully removed before placing the assembly in the cassette. An ice pack was placed
in the chamber filled with ice-cold 1X WB transfer buffer. A constant current of 150

mA/30 mA, was applied for 2 h/overnight, respectively.

2.2.7.2 Blocking of non-specific binding sites

Once the transfer of proteins to PVDF was terminated, the membrane was
removed from the cassette and incubated at room temperature for 1 h or overnight at
4°C in a blocking solution of 5% non-fat dried milk powder (Marvel) or BSA (w/v) in
0.01% (v/v) TBS-Tween® with a gentle shaking. TBS-Tween® was made up from a 10X
stock prepared as follows: 12.11g Tris, 87.6g NaCl, 10 ml Tween® and made up to 1L in
distilled H,0.

2.2.7.3 Probing with antibody

The membrane was placed in a 50 ml falcon tube containing 3 — 5 ml of 5%
Marvel plus a 1:100 to 1:10000 dilution of the adequate primary antibody and
incubated for 1 h at room temperature or overnight at 4°C with rolling. Next, the
membranes were washed 3 times with the wash buffer (0.1% (v/v) TBS-Tween20®), for

at least 5 min per wash. The membrane was then transferred into a 50 ml tube
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containing 5 ml of 5% Marvel plus the appropriate horseradish peroxidase (HRP)
conjugated secondary antibody at 1:1000 to 1:5000 dilutions, depending on the
antibody. The membrane was incubated at room temperature with rolling for 1 h,
followed by washing step performed as described above. Membranes were developed
by enhanced chemiluminescence (20X LumiGLO® Reagent) according to the

manufacturers instructions, using Fujifilm X-ray film.

2.2.7.4 Stripping and re-probing of PVDF membrane

The same membrane could be used to examine more than one protein if the
membrane was stripped of the initial set of antibodies and re-probed with a second
antibody of interest. The membrane was first reactivated using methanol (if left to dry)
and washed using 1X WB wash buffer to remove ECL. Next, the membrane was
stripped for 15 min by placing it in 10 ml 1X Re-Blot Plus solution (Millipore) with
gentle shaking and washed again with 1X wash buffer. The stripped membrane was
blocked, probed with primary and secondary antibodies and developed as described

above.

2.2.8 Enzyme-Linked Immunosorbent Assay

Duo set ELISA kits (R&D Biosystems) were used in order to examine the levels
of cytokines and chemokines produced by cells in response to different stimuli. Human
cell lines U373, U373 TRIL-V5, U373 shRNA-TRIL-RFP, U373 non silencing control
shRNA and primary murine mixed glial cells, BMDMs and BMDCs were seeded at 0.5-1
x 10° cells/ml and allow to rest for 24 h at 37°C with 5% CO,. The following day media
was replaced and cells were either left untreated or stimulated with the appropriate
ligands for 24 h. The supernatants were then collected and analysed for human IL6,
RANTES and TNFo (R&D Systems), murine RANTES (R&D Systems), IL6 and TNFa
(eBIOSCIENCE) production using Enzyme-Linked Immunosorbent Assay (ELISA) kits
according to the manufacturer’s instruction. A sandwich ELISA for mouse IFNB was
used as previously described (Roberts et al, 2007). The optical density values were

measured at 450 nm and concentrations were calculated using a standard curve.
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2.2.9 Reporter gene assay

Cells were seeded in 24-well plates at 1 x 10° cells/ml and incubated for 24 h at
37°C with 5% CO,. Cells were transfected using Geneluice® transfection reagent
(Novagen) as indicated in Table 2.13. A 160 ng of ISRE or NF-xB luciferase plasmid,
together with 40 ng of TK Renilla luciferase and the indicated amount of plasmids
encoding TRIL, TLR3 or both together were transfected into each well of a 24-well
plate. The equivalent amount of empty vector was added as a control in addition to
ensuring equal quantities of DNA in each well. Cells were allow to rest for 24 h and
stimulated for desired amount of time. After 24 h incubation cells were lysed with 100
ul of passive lysis buffer (Promega) for 15 min with shaking. FireFly luciferase activity
was assayed by the addition of 40 ul of luciferase assay mix (For 456 ml 2X solution: 20
mM Tricine, 2.67 mM MgS0,47H,0, 0.1 mM EDTA, 33.3 mM DTT, 530 um adenosine
triphosphate (ATP), 270 uM Acetyl CoEnzyme A, 60 mg D-Luciferin madeup to 445.2
ml, add 1.14 ml 2M NaOH and 2.42 ml 50 mM Magnesium Carbonate Hydroxide) to 20
pul of the lysed sample. Renilla luciferase was read by the addition of 40 ul of
Coelentrazine (diluted 1:1000 in PBS). The FireFly luciferase and TK Renilla luciferase
values were measured using a Mediators PhL™ Luminometer. The Renilla luciferase

plasmid was used to normalise for transfection efficiency in all experiments.

2.2.10 Confocal microscopy
2.2.10.1 Live cell imaging

THP-1 cells were cultured in RPMI media supplemented with 10% (v/v) FCS and
1% (v/v) PS solution. Cells were plated at 2.5 x 10° cells/ml using 35-mm glass-bottom
tissue cell dishes (MatTek). Cells were treated with PMA (1:80 000, diluted from the
5mg/ml stock concentration) for 24 hours. Cells were transfected using Lipofectamine
(Lipofectamine 2000 Invitrogen) with plasmid expressing TRIL-GFP and incubated for
the following 24 h. Cells were treated with Hoechst 1:20 000 for 30 min and
CellMask™ Plasma Membrane Stain, prior to viewing with a Point Scanning
Confocal Microscope with a heated stage (Olympus FV1000 LSM Confocal

Microscope).
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U373 and HEK-239T cells were cultured in DMEM media supplemented with
10% FCS and 1% PS. Cells were set up at 0.05-0.1 x 10° cells/ml in 35 mm glass bottom
dishes (MatTek) and left to rest for 24 hours at 37°C with 5% CO,. Cells were then
transfected using Geneluice (Invitrogen) with plasmids encoding TRIL-GFP, TRIL-RFP,
TRIL-YFP, SARM-GFP, Endoplasmic reticulum-cyan fluorescent protein (ER-CFP), Golgi-
CFP, early endosome marker EEA1-CFP or combinations of each. Cells were then
viewed with a Point Scanning Confocal Microscope with a heated stage (Olympus
FV1000 LSM Confocal Microscope). DAPI or Hoechst were used to stain the nuclei,
CellMask™ Plasma Membrane Stain and specific mitochodnria dye MITOTRACKER

were used to visualise the plasma membrane and the mitochondria respectively.

2.2.10.2 Fixed cell imaging
2.2.10.2.1 Preparation of cover slips

Sterile cover slips were placed in 6-well plate and covered with poly-L-Lysine (1
mg/ml). After 2 min excess of poly-L-Lysine was aspirated and slides rinsed with a
sterile PBS. Alternatively sterile cover slips were placed in 6-well plate and covered
with fibronectin (1 ug/ml) followed by 2 h incubation at room temperature and rinsing
with a sterile PBS. Following coating with poly-L-lysine or fibronectin cover slips were

dried-out in the laminar flow hood prior to use.

2.2.10.2.2 Confocal imaging

THP-1 cells were maintained in RPMI media supplemented with 10% (v/v) FCS
and 1% (v/v) PS. Cells were seeded at a concentration of a 1 x 10° cells/ml in 6 well
plate. Cells were then transfected using Lipofectamine with 1 pg of plasmid encoding
TLR2 Flag tagged and/or 1 pg of TRIL-RFP expressing plasmid. 24h following
transfection cells were transferred into slides pre-treated with fibronectin and left to
rest for another 24h. U373 cells were cultured in DMEM supplemented with 10% (v/v)
FCS and 1% PS (v/v). Cells were seeded on cover slips coated with poly- L-lysine. Cells
were transfected with 1 ug of expression plasmid TRIL/RFP using Geneluice and after

24 h stimulated for 2 h with 25 pg/ml of Poly(l:C). U373-TRIL V5 stables were
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maintained in DMEM supplemented with 10% (v/v) FCS and 1% PS (v/v) and 300 pg/ml
of G418. Cells were seeded on poly-L-lysine coated slides 24h prior to stimulation at a
concentration of 0.1 x 10° cells/ml. Cells were stimulated with 25 pg/ml PIC for 0 h, 1
h, 4 h, and 24 h, respectively.

Prior to antibody staining, media was removed, and cells carefully washed with
PBS. Samples were fixed using 3.7% Formaldehyde at pH 7.0 for 10 min., at room
temperature followed by washing three times with PBS. Cells were permeabilised
using 0.2% (v/v) triton X-100 in PBS for 5min. at room temperature. Samples were
washed once again using PBS before blocking for 1h with 2% (w/v) BSA in PBS. 100 pl
of primary antibody diluted using 2% (w/v) BSA in PBS to a desired working
concentration (Table 2.16) was added per cover slip and incubated for 1 h at room
temperature. Following incubation slides were washed three times using PBS and next
incubated with 100 ul per cover slip of adequate secondary antibody diluted to a
desired working concentration (Table 2.16) using 2% (w/v) BSA in PBS for 1 h, and
washed three times with PBS. Few drops of mounting solution Prolong Gold antifade
reagent with DAPI were added onto each cover slip and they were mounted cell-side
down onto glass microscope slides. Prepared slides were left to dry at room
temperature in dark for 30 min. and then stored at 4°C in dark until viewed using a

Point Scanning Confocal Microscope (Olympus FV1000 LSM Confocal Microscope).

Antibody Stock concentration Working concentration

Primary antobodies

Mouse monocional anti-V5 1 mg/ml 10 pg/mi
Goat polyclonal anti-hTLR3 200 pg/ml 2 pg/ml
Mouse monoclonal anti-Flag 1 mg/ml 2 ug/ml

Secondary antobodies

Anti-mouse Alexa 488 antibody 2 mg/ml 8 pg/ml

Anti-goat Alexa 647 antibody 2 mg/ml 8 pg/ml

Table 2.16 List of original stock and working concentrations of primary and
secondary antibodies used for confocal staining
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2.2.10.3 Quantitative colocalisation analysis

Confocal images were analyzed using FluoView FV1000 Confocal Microscope
Software. Pearson’s correlation coefficient (PCC), overlap coefficient (OC) and
colocalization coefficient for each of analyzed channels were employed to evaluate
colocalization. Pearson’ s correlation coefficient (PCC) is one of the standard measures
in pattern recognition. It is used to describe the correlation of the intensity
distributions between channels. PCC estimates the correlation based on similarity
between shapes and it ranges from value 1 to -1. A value of 1 represents perfect
correlation; -1 represents perfect exclusion and zero random localization. Values close
to 1 indicate there is reliable colocalization. Overlap coefficient (OC) represents an
overlap of the signals from the 1st and 2nd channel. Values of OC are defined from

zero to 1 with 1 being high- colocalization, zero being low.

2.2.11 RNA analysis
2.2.11.1 RNA extraction
2.2.11.1.1 RNA isolation from cells

Cells were rinsed in ice-cold PBS prior to lysis using RLT buffer (Qiagen) with 1%
(v/v) B-mercaptoethanol. The cell lysates were then frozen and thawed prior to RNA
extraction with an RNeasy Mini kit (Qiagen) in accordance with the manufacturer’s
instructions. The isolated RNA was quantified using a NanoDrop ND-1000 UV-vis

spectrophotometer and normalised using nuclease free water

2.2.11.1.2 RNA isolation from animal brain and spleen tissues

Extracted brain and spleen tissues was placed in 500 ul of QlAzol lysis buffer
and mechanistically homogenised. 100 ul of chloroform was added into each
homogenate followed by 15 sec of vigorous shaking. Samples were incubated for 2-3
min at room temperature and next centrifuged at 12, 000 x g for 15 min at 4°C. The
upper aqueous phase was transferred into a new tube containing 250 ul of
isopropanol. Samples were then incubated for 10 min at room temperature. Following
centrifugation at 12,000 x g for 10 min at room temperature, the supernatants were

carefully aspirated and discarded. The remaining pellets were resuspended in 0.5 ml of
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75% ethanol and centrifuged at 7500 x g for 5 min at 4°C. Following centrifugation, the
obtained supernatants were removed completely and the RNA pellets were left to dry
for few min, prior to resuspension in 100 ul of nuclease free water. The RNA was next
cleaned up using an RNeasy® MinElute® Cleanup kit (Qiagen) according to the
manufacturer’s instructions. Purified RNA was quantified using a NanoDrop ND-1000

UV-vis spectrophotometer and normalised using nuclease free water

2.2.11.2 Reverse transcription PCR (RT-PCR)

RT-PCR was carried out on RNA in order to create cDNA using a High Capacity
cDNA Reverse Transcription kit (Applied Biosystems) for human samples and iScript
Select cDNA synthesis kit (BioRad) for mouse samples. The following reaction mix was
prepared for each human (A), and mouse (B), samples dependent on the the cDNA

synthesis kit used:

A High Capacity cDNA Reverse Transcription kit B iScript Select cDNA synthesis kit

* 2 ul 10X RT buffer * 4 ul 5X reaction mix
* 0.8 ul 100nM deoxyribonucleotide (iScript)

triphosphates (dNTPs) e 1 plreverse transcriptase
* 2 ul 10X random primers (iScript)
e 0.5 pl reverse transcriptase (MultiScribe™) * 5l nuclease-free H,0
* 6.5 ul nuclease-free H,0 * 10 pul RNA (100 ng/ul)/per
* 8 ul RNA (100 ng/pl) reaction

RT-PCR for human samples was performed using the Applied Biosystems Veriti 96-well
fast thermal cycler (A) and Bio-Rad S1000™ Thermal Cycler (B). The following

parameters were set up on the appropriate PCR machines.

A B
o 8258 0imin e 25°C 5min
s B37°C T 60imin X2 e 42°C 30min x2
e 85°C 15min * 85°C 5min
* 4°C oo e 4°C oo
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Generated cDNA was either used directly for further experiments or stored for a later

use at 4°C (short term).

2.2.11.3 Quantitative PCR (QPCR)
2.2.11.3.1 QPCR of human samples

In order to perform gquantitative PCR (Q-PCR) isolated RNA was transcribed
using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems) as
described in section 2.2.11.2. Following RT-PCR, generated cDNA was used for QPCR,
using specific FAM labelled primers for TRIL (Hs00274460 s1) and TLR3
(Hs01551078_m1) and VIC labelled primers for GAPDH and B-actin purchased from
Applied Biosystems. QPCR was carried out using TagMan®Fast Universal PCR Master

Mix (Applied Biosystems).

The following reaction mix was prepared for each sample:

* 5 ul TagMan®Fast Universal PCR Master Mix 2x

* 0.5 ul 20X FAM labelled TRIL or TLR3

* 0.5 pl 20X VIC labelled GAPDH or B-actin

* 1.6 pl nuclease free water

* 2.4 ulcDNA
The following parameters were used on Applied Biosystems 7900 Fast system: 45
cycles 95°C for 5 sec, followed by 60°C for 30 sec.

Relative quantification (RQ) values were calculated based on the AACt method.

Data was analysed using the Applied Biosystems 7500 Fast System Sequence Detection

Software v 1.3.1.21. The mRNA expression levels were normalised to human GAPDH

mRNA level and represented as relative to control + standard deviation (SD).

2.2.11.3.2 QPCR of murine samples

In order to perform Q-PCR, isolated RNA was transcribed using the iScript
Select cDNA synthesis kit (Bio-Rad) as described in section 2.2.11.2. Following RT-PCR,
generated cDNA was diluted 3X and used for QPCR. Primers specific for B-actin, TRIL,
TLR3, TLR4 IL6, RANTES, TNFa, IFNB and VIPERIN were purchased from Integrated DNA
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Technologies and are listed in Table 2.16. Q-PCR reaction was performed in 96 well
plate format using the DNA ENGINE OPTICON 2 CYCLER (Bio-Rad, Hercules CA).

The following reaction mix was prepared for each sample:

e 7.5 uliQ SYBR Green Supermix

e 1 ul forward primer

* 1 plreverse primer

* 5.5 ul nuclease free water

* 5 ul cDNA sample (diluted 10X)/cDNA standards (diluted as listed below)

Standards cDNA dilutions were as follows:

e 5K

e 50X

* 500X
* 5000X

The following parameters were used on Bio-Rad CFX96 Touch™ Real-Time PCR
Detection System: 45 cycles 95°C for 15 sec, followed by 60°C for 30 sec and 72°C for
45 sec.

RQ values were calculated based on the standard curve analysis. All gene

expression were normalised with B-actin and represented in arbitrary units (A.U).

Primer Sequence (5" => 3’)
TRIL (setl) Forward ACG TGC TCA CCT ACA GCCTA
Reverse CAG ACG GTG GAA GTC GAA GG
TLR3 Forward GTG AGA TAC AAC GTA GCT GAC TG
Reverse TCC TGC ATC CAA GAT AGCAAGT
TLR4 Forward ATG GCA TGG CTT ACA CCA CC
Reverse GAG GCC AAT TTT GTC TCC ACA
IL6 Forward AAC GAT GAT GCA CTT GCA GA
Reverse GAG CAT TGG AAATTG GGG TA
RANTES Forward GCC CAC GTC AAG GAG TATTTCTA
Reverse ACA CACTTG GCG GTT CCT TC
TNFa Forward CAG TTC TAT GGC CCA GAC CCT
Reverse CGG ACT CCG CAA AGT CTA AG
IFNB Forward ATA AGC AGC TCC AGCTCC AA
Reverse CTG TCT GCT GGT GGA GTT CA
VIPERIN Forward AAC CCC CGT GAG TGT CAA CTA
Reverse AAC CAG CCT GTT TGA GCA GAA
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GAPDH Forward GAA CGG GAA GCT TGT CAT CAA
Reverse CTA AGC AGT TGG TGG TGC AG

BACTIN Forward TTG AAC ATG GCATTG TTACCAA
Reverse TGG CAT AGA GGT CTT TAC GGA

Table 2.17 List of primers

2.2.11.4 Nanostring analysis

Total RNA isolated from primary mixed glial cells untreated or stimulated for 5
h with LPS and Poly(l:C) was extracted as previously described in section 2.2.2.
Similarly, total RNA isolated from brain tissue of WT and TRIL” following E.coli
infection was extracted as previously described (section 2.2.11.1.1).

For RNA analysis 100 ng of total RNA used and hybridised to a custom designed
gene expression CodeSet (non-enzimatic RNA profiling using bar-coded fluorescent
probes) according to the manufacturer’s inscructions (Nanostring technologies) and
analysed on nCounter Digital Analyser. The nCounter® Analysis System is an
automated, multi-application, digital detection and counting system which directly
profiles up to 100 molecules simultaneously from a single sample using a novel
barcoding technology. Counts were normalised to endogenous controls per Nanostring
Technologies’ specifications. Values were log-transformed and displayed as a heat map
(Euclidean clustering) generated using the ggplot package within the open source R

software environment.
2.2.11.5 Design and validation of murine TRIL primers

In order to examine the expression of TRIL across different murine cells and

tissues, three different TRIL primers sets were designed:

Forward 5’ ACG TGC TCA CCTACAGCCTA3

TRIL(setl) o erse 5 CAG ACG GTG GAA GTC GAA GG 3’
IRIL (set2) Forward 5'ACG TGCTCA CCT ACAGCCTA ¥

Reverse 5’ CA CCG TTG GCG TAA AGG ATG C 3’
TRIL (set3) Forward 5’ TCCTTT ACG CCAACGGCAA3

Reverse 5’ CAG GTG TAG GTA GAG CAG GTT 3’
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Products of QPCR carried out using wild-type primary mixed glial cells were
examined by the agarose gel electrophoresis (as described in section 2.2.11.6) and
next confirmed by sequence analysis. Bioinformatics alignment of TRIL product (TRIL
setl) and available murine mRNA sequence (NCBI Reference Sequence: NM_025817.4)
revealed a 100% identity within the range of 103 nucleotides highlighted in yellow. The

selected set of primers (setl) was then used for subsequent TRIL expression studies.

CLUSTAL 2.1 multiple sequence alignment

NM_025817.4 AGAAGCTCTCACGACTAGAGGAGCTGTACCTGGGGAACAACCTCTTGCAGGCCCTCGTTC 960
TRIL PRIMER SET1 NNNNNCTCTCACGACTAGAGGAGCTGTACCTGGGGAACAACCTCTTGCAGGCGCTCGTTC 60
ek ok ok ok ok ok ko ok ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok sk sk ok ok ok Rk k
NM_025817.4 CTGGCACGTTGGCTCCGCTGCGCAAGTTGCGCATCCTTTACGCCAACGGCAACGAGATTG 1120
TRIL PRIMER SETI1 CTGGCACGTTGGCTCCGCTGCGCAAGTTGCGCATCCTTTACGCCAACGGNNTTN-~--TTT 120

d g o ok ok ok ok gk ok e ok e o ok e ok ok ok o e ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok ok o ok o ok ok ok ok ok ok ok ok ok ok

2.2.11.6 Agarose gel electrophoresis
In order to visualise the QPCR/PCR products a 1-2% (w/v) agarose gel was used.

1% (w/v) agarose gel was prepared as follows:

* 2 g ultrapure agarose
* 100 ml Tris-Acetate EDTA (TAE)
¢ 2-3 ul of Ethidium Bromide (EtBr)

Agarose added to TAE buffer and heated up until completely dissolved, then
allowed to cool, before adding EtBr. Prepared mixture was poured into gel rack and
allowed to set with a comb in place. The comb was then removed and a gel placed in a
ring with 1 x TAE buffer. DNA loading buffer (50% (v/v) sterile glycerol in sterile H,0,

and 10 mg bromophenol blue) was added to 20 pl of PCR product. A total volume of 15
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ul was loaded into the gel. A 1kB molecular weight marker (New England Biolabs) was
run alongside the samples. The gel was connected to power supply and run at 100 V
for approximately 1-1.5 h or until sufficient separation of molecular marker bands had

occured. Gel was then visualised using UV gel docking system.

2.2.12 Genotyping of TRIL deficient mice

The genotypes of TRIL deficient mice were determined by PCR analysis of
genomic DNA, from tail biopsies. The genomic DNA was isolated using the Genomic
DNA Isolation Kit (Lamda Biotech) according to the manufacturer's instructions.
Isolated genomic DNA was next diluted 20x and used for genotyping by PCR with
specific oligonucleotide primers for the TRIL wild-type and targeted allele (TRIL-F, 5'-
TTC ACT TAC CAC CCT GCC AGG TTC -3/, TRIL-R1, 5’-GTC TGT ATG GGA AGA GAG GCA
CAC TG -3’, TRL-R2, 5’-CAC CAG AGC GTT CTG GTC ATG C -3’). Primers F and R1
amplified wild-type allele and F and R2 targeted one. The three primers were used in a

PCR reaction using GoTaq (Promega).

The following reaction mix was prepared for each sample:

12.5 pl GoTaq Promega Master Mix
* 0.25 pul 100 pM primer F

* 0.25 ul 100 pM primer R1

* 0.25 pl 100 uM primer R2

* 10.75 nuclease free water

* 1 ul tail digest

PCR reaction was carried out using the following amplification conditions: 95°C for
5 min and 30 cycles of 95°C for 30 s, 58°C for 30 s, and a 5 min incubation at 72°C at

the end of the run. Amplification products were resolved on a 2% agarose gel.
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2.2.13 Generation of cell lines stably expressing shRNA
In order to generate stable knock down of TRIL in various cell lines a set of
three  shRNAmir individual clones were purchased from Open Biosystems together

with corresponding non-silencing control (Table 2.6).

2.2.13.1 Transfection and lentiviral production

HEK-239T cells were set up at 2 x 10° cells/ml in 10 cm dishes and incubated for
24 h at 37 °C with 5% CO,. The following day 4 pg of plasmids encoding shRNA specific
to TRIL or Non Silencing control together with 3 pg of the pCMV-dR8.74psPAX2
packaging plasmid and 1 pg of pMD2.G envelope plasmid were transfected using
Geneluice® as previously described (section 2.2.3.2.1). 48 h following transfection
(day 3) the supernatant was harvested and replaced with fresh DMEM supplemented
with 10% FCS and 1% PS. Collected supernatants were centrifuged at 400 x g, 5 min
and filtered through a 0.45 um membrane and stored at 4°C for 24 h. Harvesting step
was repeated once again 24 h later (day 4). The supernatants were centrifuged at 400
x g, 5 min and filtered through a 0.45 um membrane. Supernatants collected on day 3

and 4 were mixed together.

2.2.13.2 Lentiviral transduction

U373 or THP-1 target cells were plated at 2 x 10° cells/ml in 10 cm dishes in
DMEM or RPMI containing 10% FCS and 1% PS. The following day, cells were re-plated
with medium consisting of: 50% HEK-293T supernatant (mixed day 3 and 4), 50%
DMEM (U373) or RPMI (THP-1) culture media containing 10% FCS and 1% PS and 4 pg
of hexadimethrine bromide (Polybrene®). Cells were cultured for 24 h at 37 °C with 5%
CO,. Following 24 h of incubation media was aspirated and replaced with 50% HEK-
239T supernatant (mixed day 3 and 4), 50% DMEM (U373) or RPMI (THP-1) culture
media containing 10% FCS and 1% PS. 48 h after the second transduction media was
removed from U373 and THP-1 cells and replaced with DMEM (U373) or RPMI (THP-1)
supplemented with 10% FCS and 1% PS. Cells were allowed to rest for 48 h before

Puromycin selection (2-3 ug/ml) was initiated.
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U373 and THP-1 shRNA-TRIL stable knockdown cells and the non-silencing
control cell line were maintained in DMEM (U373) containing 10% FCS and 1% PS and 3
pg/ml of puromycin or or RPMI (THP-1) containing 10% FCS and 1% PS and 2 pg/ml of
puromycin. In order to activate shRNA expression, cells were stimulated with 1 pg or 2

pg of doxycycline for 48 h prior to performing an experiment.

2.2.14 The in vivo studies
2.2.14.1 Mice

C57BI/6 mice from The Jackson Laboratory (Bar Harbor, ME) and TRIL'/', TRIF'/',
TLR3'/', TLR4™" all on the C57BI/6 background were bred at UMASS Medical School.
Mouse strain were maintained in specific pathogen-free conditions in UMASS Medical
School, and the animal protocols were carried out in accordance with the guidelines

set forth by UMASS Medical School Institutional Animal Care and Use Committee.

2.2.14.2 The In vivo model of E.coli-induced acute peritonitis

Day prior to the experiment the E.coli B21 strain was inoculated in 25 ml of
antibiotic free LB broth and grown overnight at 37°C with shaking (200 rpm). The
following day bacterial suspension was centrifuged at 3200 x g for 15 min. Obtained
bacterial pellet was resuspened in 2.5 ml of sterile PBS.

10 weeks old age- and sex-matched C57BI/6 wild-type (WT) and TRIL”, TRIF7,
TLR3"I', TLR4” mice were infected with 100 ul 10° CFU of E.coli BL21 strain via the
intraperitoneal route in order to induce acute peritonitis and shock. Following 5-6h of
incubation mice were sacrificed and specimens collected. Samples were processed

according to respective protocols described below.

2.2.14.2.1 Peritoneal Lavage (PL) and cells processing

The PL volumes were equalised with PBS and centrifuged at 400 x g for 5 min at
4°C. Cell pellet was resuspended in 100 pl of the NP-40 lysis buffer (10% (v/v) glycerol,
20 mM Tris-Cl pH 8.0, 137 mM NaCl, 1% NP-40) and transferred to -80°C. The cell

pellet was subsequently thawed, followed by the RNA extraction (as described in
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section 2.2.11.1.1) and QPCR analysis (as described in section 2.2.11.3.2). Supernatant
was transferred into filter/concentrator device (Millipore) and centrifuged at 5000 x g
for 1 h 4°C. Following centrifugation, 200-300 pl of concentrates were immediately

transferred into a 96-deep well plate and kept at -80°C, prior to analysis by ELISA.

2.2.14.2.2 Serum processing

Blood obtained through the cardiac puncture was transferred into the blood
collection tubes placed on ice. Tubes were next centrifuged at maximum speed for 5
min at 4°C. Obtained supernatants were immediately transferred into 96-well plate

and kept in -80°C, prior to analysis by ELISA.

2.2.14.2.3 Spleen and brain tissue processing

Each tube containing 500 ul of PBS or QlAzol lysis reagent (Qiagen) was weight
prior and after the collection of the organs. Following isolation, the spleen and the
brain were divided into two parts and each of them was placed in PBS or QlAzol lysis
reagent and kept on ice. Samples containing brain and spleen tissues in QlAzol lysis
reagent were processed as previously described (section 2.2.11.1.2)

Samples containing PBS were then mechanistically homogenised, followed by
centrifugation at 400 x g at 4°C. 100 ul of spleen or brain lysates were plated onto
antibiotic free agar plates (in order to establish the amount of bacteria following
infection). 400 ul of NP-40 lysis buffer was added into each sample following 30 min of
incubation with at 4°C with rotation. Next samples were centrifuged at the maximum
speed for 5 min. Obtained supernatants were next transferred into the 96 well plate

and kept in -80°C, prior to examination by ELISA.

2.2.14.3 The In vivo VSV infection

6-8 weeks old age- and sex-matched C57BI/6 WT and TRIL” or TLR3”" mice
were anesthetized with isoflurane prior to infection with 5 x 10° PFU of VSV. 30 ul of
viral suspension in PBS was administered equally to both nostrils using pipette with

and a protein gel loading tip. Following 24-48 h of infection mice were sacrificed and
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blood spleen and brain were collected and processed as previously described (section

2.2.14.2.2,2.2.14.2.3and 2.2.11.1.2)

2.2.15 Statistical analysis

All the graphs were made using GraphPad Prism v 5.02 software. Two tailed
unpaired student t test in Prism software was used to perform statistical analysis. P
values of < 0.05 were considered significant. ***, ** and * represents p values of

<0.001, <0.01 and <0.05, respectively.
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Chapter 3 Introduction

3.1 Introduction

As mentioned in chapter 1, TRIL is a novel accessory molecule involved in the
regulation of TLR4 signalling pathway (Carpenter et al, 2009). Initial studies
characterise TRIL as a positive modulator of TLR4 response, highly expressed in the
brain. TRIL directly interacts with both TLR4 and its ligand LPS. Overexpression of TRIL
in the human astrocytoma cell line U373 leads to enhanced cytokine production
following LPS stimulation, while knockdown of TRIL attenuates TLR4 response in
various cell lines (Carpenter et al, 2009). TRIL is therefore a component of the TLR4
signalling complex, which may have a particular relevance for the regulation of the
innate immune response in the brain due to the high levels of expression of TRIL found
there.

Apart from this initial study, TRIL has not yet been thoroughly investigated. A
number of questions regarding TRIL remain to be answered in order to fully
characterise this accessory molecule. Therefore the main goal of this study is to carry
out a further investigation into TRIL, resulting in a comprehensive characterisation of
this novel protein.

Similar to differentially localised TLRs, accessory molecules can be found in
various cell compartments. MD2 and RP105 function at the level of the plasma
membrane, while others such as UNC93B, PRAT4A and gp96 regulate TLRs at the level
of the endoplasmic reticulum. In addition, a group of accessory molecules including
CD14, HMGB1, CD36 and LL37 directly bind to TLR ligands and modulate TLR responses
(Akashi-Takamura & Miyake, 2008; Lee et al, 2012). The cellular localisation of an
accessory molecule is often strictly correlated with its function.

TLR4 utilizes a vast array of accessory molecules, which are implicated in
various aspects of TLR4 signalling. Accompanied by the accessory molecules MD2 and
CD14, TLR4 perpetually cycles between the plasma membrane and the Golgi structures
(Latz et al, 2002). Once engaged at the cell surface by LPS, the TLR4-MD2-CD14
complex initiates the MyD88/Mal-dependent signalling pathway followed by
translocation into the endosomal compartment where it triggers the TRIF/TRAM-

mediated response. Therefore TLR4 can be found both at the plasma membrane and
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intracellularly, where it initiates two distinct signalling pathways.

TRIL has been demonstrated to impact on TLR4 activity via direct interaction
with the receptor and its ligand LPS (Carpenter et al, 2009), however the exact
localisation of TRIL within the cell remains unknown. This study aims to uncover the
subcellular localisation of TRIL, by a comprehensive confocal microscopy and plasma
membrane fractionation analysis.

It is common for accessory molecules to execute multiple roles and participate
in the regulation of more than one TLR. RP105 regulates responses of TLR2 and TLR4
(Liu et al, 2013). UNC93B is indispensible for TLR3, TLR7 and TLR9 (Brinkmann et al,
2007), whereas CD14 functions by modulating TLR4 (Haziot et al, 1996), TLR3 (Lee et al,
2006), and more recently TLR7 and TLR9 (Baumann et al, 2010) as well as TLR2 (Raby
et al, 2013) mediated responses. TRIL has been associated thus far with the regulation
of TLR4 signalling complex. Its role in the other TLR signalling pathways however has
not yet been examined. Therefore this study explores in greater detail a role for TRIL in
the regulation of TLR mediated signalling pathways. Examination of direct interaction
of TRIL with other TLRs is addressed by co-immunoprecipitation (Co-IP) assay and
confocal microscopy analysis, whereas the functional implication of TRIL in the

regulation of TLR signalling is assessed by overexpression and gene silencing studies.
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3.2 Results
3.2.1 TRIL localisation studies

Preliminary flow cytometry studies carried out on TRIL localisation
demonstrated a cell specific expression pattern of this protein (Carpenter et al, 2011).
Antibodies raised to the C-terminal site and mid region of TRIL revealed that in
U373/TRIL cell line the protein can not be detected on the cell surface and is localised
only intracellularly. In contrast, in HEK-293T/TRIL cell line the protein was found
exclusively on the cell surface (as indicated by use of the mid-region TRIL antibody)
(Carpenter et al, 2011).

In order to further verify preliminary findings on TRIL localisation, | carried out
confocal microscopy studies using various cell types. Unfortunately, the anti-TRIL
antibody generated to the N-terminus, C-terminus and mid region of the protein were
not sensitive enough for confocal analysis. Three different variants of TRIL plasmid,
tagged with GFP, RFP and YFP respectively, were therefore obtained for the purpose of
these studies.

Plasmids were transiently overexpressed in three distinct human cell lines:
U373, THP-1 and HEK-293T. Confocal imaging analysis clearly demonstrated an
intracellular localisation of TRIL-YFP in U373 cell line (Fig. 3.1 panel B). Different
expression patterns were seen with HEK-293T cells, where an overexpressed protein
was associated with the plasma membrane, as indicated by co-localisation with a
specific plasma membrane dye (CeliMask) (Fig 3.1 panel C). Interestingly, in human
THP-1 cell line GFP tagged TRIL was localised in a similar fashion as seen in the U373s
and was found to be expressed intracellularly (Fig. 3.1 panel A), no co-localisation with
CellMask was observed. To validate the specificity of TRIL expression and
CellMask/Hoechst staining, appropriate controls were generated for each cell line,
THP-1 (A), U373 (B) and HEK-293T (C) demonstrated in Fig. 3.2 (Fig. 3.2, panel A-C).

In addition, the expression pattern of TRIL was also assessed by membrane
fractionation studies using U373 cell line stably overexpressing TRIL with a V5 tag.

Western blot analysis carried out using U373/WT and U373/TRIL-V5 cells following
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membrane fractionation revealed, that overexpressed TRIL is exclusively found in the
membrane and not cytosolic fraction (Fig. 3.3, top panel, lane 3 and 4).

Given the fact that both confocal microscopy imaging and flow cytometry
analysis clearly demonstrated an intracellular expression pattern of TRIL in U373 cells, |
sought to characterise in depth its subcellular localisation within this cell line. As
shown in Figure 3.4, upon stimulation with Poly(l:C), overexpressed TRIL co-localises
(yellow) with the endoplasmic reticulum marker (KEDL motif of calreticulin) (Fig. 3.4
panel B), as well as the early endosome marker EEA1 (Fig. 3.4, panel A) in the U373s.
TRIL did not co-localise with the Golgi apparatus (Fig. 3.4, panel C), nor with
mitochondria (Fig. 3.6) in the Poly(l:C) stimulated U373 cell line. The specificity of
plasmid expression (Fig. 3.5, panel A-D) and mitochondrial staining (Fig. 3.7, panel A-B)
was verified by adequate controls.

Having established the localisation of TRIL to early endosomes, | next
investigated whether stimulation with LPS impacts on this localisation. U373 cells were
transiently transfected with plasmids encoding TRIL-GFP and the early endosome
marker EEA1-CFP and following 24 h of incubation were stimulated with LPS. Single
live cell microscope imaging revealed increased localised expression of both proteins
following LPS stimulation. Additionally, the co-localisation of TRIL-GFP with the
endosomal marker EEA1-CFP (indicated by arrows) was clearly enhanced upon LPS
challenge in a time dependent manner (Fig. 3.8). Supplementary controls were
generated in order to ensure the specificity of plasmid expression (Fig. 3.9).

Overall these studies demonstrate the intracellular localisation pattern of TRIL
in the human astrocytoma cell line U373 and monocytic THP-1. Expressed
intracellulary TRIL localises to the ER and early endosome structures, but not to
mitochondria and the Golgi apparatus. In addition, the endosomal localisation of TRIL
in the resting U373 cells is further enhanced by LPS stimulation in a time-dependent

fashion.
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Figure 3.1 Localisation of TRIL in different cell types

A, THP-1 cells were plated at 2.5 x 10° cells/ml using 35-mm glass-bottomed tissue cell dishes
(MatTek). Cells were treated with PMA (1:80 000/stock concentration 5mg/ml) for 24 hours.
Next, cells were transfected with plasmid encoding 1 pg of TRIL-GFP (green) and incubated for
another 24 h. Prior to viewing with a Point Scanning Confocal Microscope with a heated stage
(Olympus FV1000 LSM Confocal Microscope, (NA, 1.4; 60x), cells were treated with the nuclei
dye, Hoechst (dark blue) and the plasma membrane marker CellMask (red). B and C, HEK-293T
and U373 cells (0.05 x 10° cells/ml) respectively, were seeded on 35-mm MatTek dishes. 24
hours later cells were transfected with expression plasmids, HEK-239T with 1 pg of TRIL-GFP (C,
green) and U373 with 1 pg of TRIL-YFP (B, bright blue). 48 hours following transfection cells
were treated with CellMask (red). Live cell imaging was assessed using a Point Scanning
Confocal Microscope with a heated stage (Olympus FV1000 LSM Confocal Microscope, (NA,
1.4; 60x)). Results are representative of three independent experiments. Scale bars indicate 5
uM.
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Figure 3.2 TRIL-GFP expression and CellMask staining specificity controls in THP-1,
U373 and 293T cell lines
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Figure 3.2 TRIL-GFP expression and CellMask staining specificity controls in THP-1,
U373 and 293T cell lines

A, THP-1 cells were cultured at 2.5 x 10° cells/ml in 35-mm glass-bottomed tissue cell dishes
(MatTek). After 24 h cells were treated with PMA (1:80 000/stock concentration 5mg/ml) for
24 h. Cells were transfected with 1 pg of TRIL-GFP expressing plasmid (green). 24 h following
transfection cells were treated with Hoechst (blue) to stain the nuclei and the specific cell
membrane marker, CellMask (red) to visualise plasma membrane. A Point Scanning
Confocal Microscope with a heated stage (Olympus FV1000 LSM Confocal Microscope, (NA,
1.4; 60x), was used for viewing. B and C, U373 and 293T cells (0.05 x 10° cells/ml) respectively,
were seeded on 35-mm glass-bottomed tissue cell dishes (MatTek). After 24 h 1 ug of plasmid
encoding TRIL-GFP (green) was transfected into the cells. 24 h following transfection both
U373 (B) and HEK-293T (C) cells were stained using CellMask (red). 293T cells were additionally
stained with Hoechst (blue), to highlight the nucleus. A Point Scanning Confocal Microscope
with a heated stage (Olympus FV1000 LSM Confocal Microscope, (NA, 1.4; 60x), was used to
examine prepared samples. Scale bars indicate 5 uM.
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Figure 3.3 TRIL expression pattern in a membrane fractionation study carried out on
U373/TRIL-V5 cells

Using membrane fractionation kit (ThermoScientific), cytosolic (C) and membrane (M)
fractions were separated in wild-type (WT) and TRIL-V5 overexpressing U373 cells. Lysates
were then analysed by Western blotting for TRIL and B-actin expression using an anti-V5 and
anti-B-actin antibodies. The result shown is representative of three independent experiments.
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Figure 3.4 Analysis of TRIL localisation in the endoplasmic reticulum, early
endosomes and Golgi apparatus in the U373 cell line following Poly(l:C) stimulation

U373 cells (0.1 x 10° cells/ml) were seeded on 35-mm glass-bottomed tissue cell dishes
(MatTek). Following 24 h incubation cells were transfected with 0.5 ug of plasmids encoding
EEA1-CFP (an early endosome marker, panel A, red), ER-CFP (endoplasmic reticulum marker,
panel B, red), Golgi-CFP (panel C, red) and/or 1 pg of plasmid encoding TRIL-GFP (green). After
48 hours live cell imaging was performed using a Point Scanning Confocal Microscope with a
heated stage (Olympus FV1000 LSM Confocal Microscope, (NA, 1.4; 60x)), following 2 h of
stimulation with 25 pg/ml of Poly(l:C). Results are representative of three independent
experiments. Scale bars indicate 5 uM.
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Figure 3.5 GFP-TRIL, EEA1-CFP, ER-CFP and GOLGI-CFP expression controls in U373
cells

U373 cells were cultured at 0.1 x 10° cells/ml in 35-mm glass-bottomed tissue cell dishes
(MatTek). After 24 h cells were transfected with plasmids encoding 1 pg of TRIL-GFP (panel A,
green) or 0.5 pg of EEA1-CFP (an early endosome maker), (panel B, red), ER-CFP (panel C, red)
or Golgi-CFP (panel D, red), respectively. Cells were left to rest for 48 h prior to live cell viewing
using a Point Scanning Confocal Microscope with a heated stage (Olympus FV1000 LSM
Confocal Microscope, (NA, 1.4; 60x)), following 2 hours of stimulation with 25 pg/ml of
Poly(l:C). Scale bars indicate 5 uM.
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Figure 3.6 TRIL mitochondrial localisation studies in the U373 cell line

U373 cells were seeded at 0.1 x 10° cells/ml on 35-mm glass-bottomed tissue cell dishes
(MatTek). 24 hours later cells were transfected with 1 pg of plasmid encoding TRIL-GFP (green)
and incubated for the following 48 hours. Cells were treated for 2 h with 25 pg/ml of Poly(l:C)
prior to staining with a specific mitochondrial marker (Mitotracker, red). Samples were
analysed using a Point Scanning Confocal Microscope with a heated stage (Olympus FV1000
LSM Confocal Microscope, (NA, 1.4; 60x)). Results are representative of three independent
experiments. Scale bars indicate 5 uM.
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Figure 3.7 TRIL-GFP expression and mitochondrial staining specificity (MITOTRACKER)
controls in the U373 cell line

U373 cells (0.1 x 10° cells/ml) were seeded on 35-mm glass-bottomed tissue cell dishes
(MatTek). After 24 h 1 pg of plasmid encoding TRIL-GFP (A, green) was transfected into cells.
24 h following transfection cells were stimulated for two hours using Poly(l:C) (25 ug/ml) prior
to staining with the specific mitochondrial dye, MITOTRACKER (B, red). A Point Scanning
Confocal Microscope with a heated stage (Olympus FV1000 LSM Confocal Microscope, (NA,
1.4; 60x), was used to examine prepared sampies. Scale bars indicate 5 uM.
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Figure 3.8 Co-localisation of TRIL with the early endosome marker EEA1 increases
following LPS stimulation in the U373 cells

U373 cells (0.1 x 10° cells/ml) were seeded on 35-mm glass-bottomed tissue cell dishes
(MatTek). Following 24 h incubation cells were transfected with 1 pg and 0.5 pg of plasmids
encoding EEA1-CFP (an early endosome marker, B red) and TRIL-RFP (C, green). After 24 hours
single live cell imaging was performed prior to and following stimulation with 100 ng/ml of LPS
for indicated times, using a Point Scanning Confocal Microscope with a heated stage (Olympus
FV1000 LSM Confocal Microscope, (NA, 1.4; 60x)). Data are representative of three
independent experiments. Scale bars indicate 5 pM.
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Figure 3.9 TRIL-RFP and EEA1-CFP expression controls in U373 cells
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U373 cells (0.1 x 10° cells/ml) were seeded on 35-mm glass-bottomed tissue cell dishes
(MatTek). Following 24 h incubation cells were transfected with 1 pg or 0.5 pg of plasmids
encoding EEA1-CFP (A, red) and TRIL-RFP (B, green), respectively. After 24 hours live cell
imaging was performed using a Point Scanning Confocal Microscope with a heated stage
(Olympus FV1000 LSM Confocal Microscope, (NA, 1.4; 60x)). Data are representative of three
independent experiments. Scale bars indicate 5 uM.
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3.2.2 Expression of TRIL is induced by Poly(l:C) stimulation in various cell types

Previously published data described TRIL as a novel functional component of
the TLR4 signalling pathway (Carpenter et al, 2009). This earlier finding, together with
a strong indication of the endosomal localisation of the protein in U373 cells,
suggested a potential additional role for TRIL in the endosomal TLR3-mediated
signalling pathway.

In order to test this hypothesis, | set out to examine the induction of TRIL
following stimulation with a TLR3 agonist Poly(l:C). Increased expression of TRIL upon
Poly(l:C) stimulation was detected both at the mRNA and the protein levels.
Quantitative PCR (QPCR) carried out using the U373 cells demonstrated a significant
increase in TRIL expression following 24 h of Poly(l:C) stimulation (Fig. 3.10). The
examination of the protein level by Western blot assay using the anti-TRIL antibody
revealed a time-dependent induction of TRIL by Poly(l:C) in both U373 (Fig. 3.11 A) and
rat mixed glial cells (Fig. 3.11 B). A visually detectable increase in TRIL expression was
observed at the early stage of stimulation, from only 1 h in U373 and 2 h in rat mixed
glial cells. In the previous studies, TRIL was demonstrated to migrate as a doublet due
to posttranslational glycosylation (Carpenter et al, 2009). Interestingly, in both cell
types, U373 and rat mixed glial cells, one out of two different forms of TRIL was
expressed at the higher level during the time course. A slower migrating form was
enhanced in U373, whereas in rat mixed glial cells stronger expression of the faster
migrating form of TRIL was observed.

These data clearly indicate that the expression of TRIL is enhanced both at the
mRNA and protein level following stimulation with Poly(l:C) in rat mixed glial cells and

U373s.

94



Chapter 3 Results

98] p=0.05

D

e

= B

© i
&

c

L)

? 3+

o

o

zf) 2- = =

° o

O l " "

< " e

£ =

E C 1 | 1§
sl us 2h Poly(l:C) 24h Poly(l:C)
[oa

}.—

Figure 3.10 TRIL expression is induced following Poly(l:C) stimulation in U373 cells

U373 cells (0.1 x 10° cells/ml) were seeded in 6-well plates. After 24 h cells were stimulated
with 25 pg/ml of Poly(l:C) for the indicated time points. Following stimulation TRIL expression
was examined by QPCR analysis. TRIL mRNA levels were normalised against GAPDH and
expressed relative to unstimulated cells. Data are represented as the mean = SEM of three
independent experiments, all carried out in triplicate. p = 0.05.
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Figure 3.11 TRIL protein expression increases following Poly(l:C) stimulation in
various cell types

Human U373 cells A, and rat mixed glial cells B, were stimulated with 25 ug/ml of Poly(l:C) for
the indicated times. Following stimulation TRIL and (-actin expression levels were examined
by Western blot analysis using either anti-TRIL or anti-B-actin antibodies. Results are
representative of three independent experiments.
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3.2.3 Investigation into the effect of TRIL on TLR3 signalling following Poly(l:C)
stimulation

The human astrocytoma cell line U373, which endogenously expresses TLR3,
was capable of only a moderate response to Poly(l:C) stimulation. Therefore, in an
attempt to determine the effect of increased TLR3 or TRIL expression on U373
responsiveness to TLR3 stimulation, cells were transiently transfected with 1 ng of
plasmid encoding either TLR3 or TRIL, prior to treatment with Poly(l:C). A slight
increase in ISRE luciferase activity was observed when either TLR3 or TRIL were
overexpressed in U373 cells upon Poly(l:C) stimulation (Fig. 3.12 A).

A similar impact of an overexpressed TLR3 and TRIL on the U373 response to
Poly(l:C) led to a hypothesis of a functional link between these proteins. In order to
address this a transient transfection of low levels (10 pg) of plasmid encoding TLR3
and/or TRIL was performed, followed by Poly(l:C) stimulation. Figure 3.12 clearly
demonstrates that when transiently overexpressed, neither TLR3 nor TRIL alone has a
major effect on Poly(l:C) induced ISRE activation and RANTES production at this low
concentration (Fig. 3.12 B and C, respectively). However, when proteins were co-
expressed together using the same low plasmid concentrations, a robust increase in
the activation of ISRE and RANTES production was detected (Fig. 3.12 B and C,
respectively).

In order to further confirm the potential impact of TRIL on TLR3 mediated
signalling, | next examined U373 cells stably overexpressing TRIL (U373/TRIL). ISRE and
KB luciferase assays were carried out using U373/TRIL and WT cells following
treatment with Poly(l:C). As shown in Figure 3.13 a significant increase in ISRE (Fig.
3.13 A) and less marked in case of kB (Fig. 3.13 B) luciferase activity was detected in
the U373/TRIL stable cell line upon stimulation with Poly(l:C). Similarly, enhanced IL6
and RANTES production was observed in Poly(l:C) stimulated U373/TRIL compared to
U373/WT cells (Fig. 3.14 A and B).
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Figure 3.12 Overexpression of TRIL enhances ISRE luciferase activity and RANTES
production following Poly(l:C) stimulation
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Figure 3.12 Overexpression of TRIL enhances ISRE luciferase activity and RANTES
production following Poly(l:C) stimulation

(A and B) U373 cells (0.1 x 10° cells/ml) were transiently transfected with plasmids encoding
80 ng of TK Renilla and 160 ng of ISRE luciferase along with plasmids expressing empty vector
(EV), TRIL and/or TLR3. 24 h following transfection, cells were stimulated with 25 ug/ml of
Poly(I:C) for 24 h. Cells were harvested and analysed for reporter gene activity. Results were
normalised for Renilla luciferase activity and represented as fold stimulation over non-
stimulated controls. Results are expressed as mean = SD for triplicate determinants and
representative of three independent experiments, each carried out in triplicate. *, p < 0.05. C,
U373 cells (0.1 x 10° cells/ml) were transiently transfected with EV, TRIL and/or TLR3
expressing plasmids. 24 h following transfection cells were treated with 25 ug/ml of Poly(I:C).
Supernatants were collected and assayed by ELISA for RANTES production. Results are
expressed as mean = SD for triplicate determinations and representative of three independent
experiments, each carried out in triplicate. ***, p < 0.001.
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Figure 3.13 Stably overexpressed TRIL in the U373 cell line enhances Poly(l:C)
induced kB and ISRE luciferase activity

U373 TRIL-V5S stable cells were plated in 24 well plates (0.1 x 10° cells/ml) and upon 24 h of
incubation transiently transfected with plasmids encoding 80 ng of TK Renilla and 160 ng of
ISRE A, or kB B, luciferase. 24 h following transfection cells were stimulated with 25 pg/ml of
Poly(l:C) for 24 h. Lysates were analysed for luciferase activity. Results were normalised to
Renilla luciferase and represented as fold stimulation over non-stimulated controls. Data are
represented as the mean = SD of one experiment representative of three independent
experiments, each carried out in triplicate **, p<0.01.
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Figure 3.14 U373/TRIL enhanced IL6 and RANTES production in response to Poly(l:C)
stimulation

U373 WT and U373 cells stably expressing TRIL-V5 (U373 TRIL-V5) were seeded in 24 well
plates at 0.1 x 10° cells/ml. 24 h later cells were stimulated using various concentrations of
Poly(l:C) as indicated above. 24 h following stimulation supernatants were removed and
assayed by ELISA for IL6 A, or RANTES B, production. Results are expressed as mean = SD for
triplicate determinants and representative of three independent experiments, each carried out
in triplicate. ***, p<0.001, **, p<0.01, *,p<0.05.
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3.2.4 TRIL-TLR3 interaction studies

Following on from the data demonstrating the impact of TRIL on the TLR3
signalling pathway, | next aimed to establish if TRIL could also associate with TLR3.

In order to address this, | carried out a coimmunoprecipitation (co-IP) study
using U373 cells endogenously expressing TRIL, transfected with plasmid encoding
Flag-tagged TLR3. As indicated in Figure 3.15 endogenous TRIL was capable of binding
with an overexpressed Flag-tagged TLR3 in the human astrocytoma cell line U373 (Fig.
3.15 top panel, indicated by a frame). The control examination of both endogenous
TRIL and transiently transfected TLR3-Flag expression levels was performed by
immunoblotting for TRIL (Fig. 3.15 middle panel) and Flag (Fig. 3.15 bottom panel),
respectively.

As it was shown earlier, TRIL is localised intracellularly in the U373 cells. In
order to evaluate the specificity of demonstrated TLR3-TRIL association, | next decided
to examine the possible TRIL-TLR2 interaction using the human U373 cell line, as in
contrast to expressed in the endosomal compartments TLR3, TLR2 can be exclusively
found at the plasma membrane. As it can be seen from the Figure 3.16, endogenous
TRIL can be detected when immunoblotted for TRIL, both after pulling down itself as
well as directly in the lysates (Fig. 3.16 bottom left and right panel). The expression
level of transiently transfected TLR2-Flag encoding plasmid was also examined (Fig.
3.16 top left panel, lane 6). Figure 3.16 clearly demonstrates that TRIL does not co-
immunoprecipitate with TLR2-Flag in the U373 cells. No band was detected when
blotting for Flag following co-IP using anti-TRIL antibody (Fig. 3.16 top panel, lane 4).

An additional confocal analysis was carried out to further corroborate the lack
of an interaction between TRIL and TLR2. THP-1 cells, which similarly to U373s
demonstrated earlier an intracellular localisation of TRIL, were transiently transfected
with plasmids encoding RFP tagged TRIL and Flag tagged TLR2. Figure 3.17
demonstrates that when co-expressed TRIL-RFP and TLR2-Flag do not co-localise in
THP-1 cells, which further verifies that TRIL is incapable of direct interaction with TLR2.

A control staining was performed in order to confirm the specificity of both primary
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and secondary antibodies used for TLR2 visualisation (Fig. 3.18, panel A-C). TRIL-RFP
expression was also examined prior to use (Fig. 3.18, panel D).

In addition to co-IP experiments, interaction of TRIL and TLR3 was also
investigated by confocal microscopy imaging. Based on preliminary experiments
showing very strong TRIL-TLR3 association in the human astrocytoma cell line
following immunoprecipitation with TRIL, | decided to carry out further microscopy
studies using U373 cells. The presence of basally expressed TLR3 in those cells allowed
me to investigate an interaction between endogenous TLR3 with over-expressed TRIL-
RFP. A plasmid encoding TRIL with a C-terminal RFP tag was transiently transfected
into the U373 cells. Co-localisation (marked in yellow) of TRIL and TLR3 was detected
in most of the regions, where both of these proteins were strongly expressed (Fig.
3.19). The specificity of both primary and secondary antibody used for detection of
endogenous TLR3 was examined by performing appropriate control staining (Fig. 3.20,
panel A-C). The TRIL-RFP expression was also validated by generation of an adequate
control (Fig. 3.20, panel D).

Overall these data conclusively demonstrate that TRIL is capable of direct
interaction with endosomal TLR3 but it does not bind to TLR2 present at the plasma

membrane in the examined human U373 and THP-1 cell line.
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Figure 3.15 TRIL interacts with TLR3

U373 cells seeded at 0.2 x 10° cells/ml in 10 cm dishes were transiently transfected with
plasmid encoding Flag-tagged TLR3 (3 pg). 48 hours following transfection cells were lysed.
Samples of cell lysates were used to determine the endogenous TRIL and TLR3 expression
levels (middle and lower panel, TRIL and TLR3 bands are indicated by arrows). The remainder
was immunoprecipitated for 24 h at 4 °C with agarose beads pre-coupled either with anti-TRIL
(lanes 1 and 3) or with an IgG control antibody (lane 2). This result represents four
independent experiments.
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Figure 3.16 Endogenous TRIL does not co-immunoprecipitate with TLR2-Flag

U373 cells cells seeded in 10 cm dishes (0.2 x 10°cells/ml) were transiently transfected with 3
ug of TLR2-Flag expressing plasmid. 48 h following transfection cells were lysed. A portion of
whole cell lysate from each sample was removed and blotted for endogenous TRIL (bottom,
right panel). The remainder was co-immunoprecipited for 24 h at 4 °C with anti-Flag (top, right
panel), anti-TRIL (top, middle panel) or an IgG control (top, left panel) pre-coupled to agarose
beads. Beads were then washed three times and analysed by Western blotting using either
anti-Flag or anti-TRIL antibodies respectively. This result represents three independent
experiments.
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Figure 3.17 TRIL does not co-localise with TLR2 in the THP-1 cell line

THP-1 cells were cultured at 1 x 10°cells/ml in 6-well plates. Cells were transfected with 1 pg
of TLR2-Flag and/or 1 pg of TRIL-RFP (red) respectively. 24 h later cells were transferred to
slides pre-treated with fibronectin. Cells were then fixed, permeabilised and stained using
primary anti-Flag and secondary Alexa-488 (green) antibodies. Mounting solution with nuclei
dye DAPI (blue) was used prior to viewing with a Point Scanning Confocal Microscope with a
heated stage (Olympus FV1000 LSM Confocal Microscope, (NA, 1.4; 60x)). Results are
representative of four separate experiments. Scale bars indicate 5 pM.
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Figure 3.18 TRIL-RFP and TLR2-Flag expression and specificity of anti-Flag antibody
staining controls in THP-1 celis

THP-1 cells were cultured at 1 x 10°cells/ml in 6-well plates. Cells were transfected with 1 pg
of TLR2-Flag (C, green) or 1 pg of TRIL-RFP (D, red) expressing plasmid respectively. 24 h later
cells were transferred to slides pre-treated with fibronectin. Cells were then fixed,
permeabilised and stained using primary anti-Flag and secondary Alexa-488 (green) antibodies.
Specificity of primary and secondary antibody was examined by staining with ether primary
anti-Flag (panel A) or secondary Alexa-488 (panel B) antibody alone. Mounting solution with
DAPI was used prior to taking images with a Point Scanning Confocal Microscope (Olympus
FV1000 LSM Confocal Microscope, (NA, 1.4; 60x). Scale bars indicate 5 uM.
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TRIL-RFP OVERLAY

Figure 3.19 TRIL-RFP co-localises with endogenous TLR3 in U373 cell line

U373 cells (0.1 x 10°cells/ml) were plated on Poly-L-Lysine treated cover slips. 24 h later cells
were transfected with 1 pug of TRIL-RFP (red) expression plasmid and incubated for another 24
h. U373 cell were then stimulated using 25 pg/ml of Poly(l:C) for 2 h, permeabilised and fixed
prior to staining with primary goat anti-human TLR3 antibody followed by Alexa-488 secondary
antibody (green). Slides were mounted and the Olympus FV1000 LSM Confocal Microscope,
(NA, 1.4, 60x) was used to take images. Results are representative of five independent
experiments. Scale bars indicate 5 pM.
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Figure 3.20 TRIL-RFP expression and specificity of anti-TLR3 antibody staining in the
U373 cell line

U373 cells (0.1 x 10° cells/ml) were plated on 6 well plates containing Poly-L-Lysine treated
cover slips. 24 h later cells were transfected with 1 pg of TRIL-RFP expression plasmid (D, red)
and incubated for another 24 h. U373 cells were then stimulated using 25 pg/ml of Poly(l:C)
for 2 h, permeabilised and fixed prior to staining with primary goat anti-human TLR3 antibody
and Alexa 488 secondary antibody (C, green). The specificity of primary and secondary
antibody was examined by staining with ether primary anti-TLR3 or secondary Alexa-488
antibody alone (panel A and B, respectively). Slides were mounted and then analysed using a
Point Scanning Confocal Microscope Olympus FV1000 LSM Confocal Microscope, (NA, 1.4; 60x).
Scale bars indicate 5 uM.
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3.2.5 Examining the TRIL-TLR3 interaction following stimulation with Poly (I:C)

Co-IP studies and confocal analysis revealed direct association of TRIL with TLR3.
| next aimed to determine if stimulation with Poly(l:C) impacts on this interaction.

A Co-IP assay with anti-TRIL antibody followed by Western blot analysis
indicated positive expression of TRIL, which was slightly increased upon Poly(l:C)
stimulation (Fig. 3.21 A, bottom panel, lane 2 and 4). When blotted with anti-Flag
antibody, corresponding lysates showed similar amounts of TLR3 expressed in each of
the samples, prior and post stimulation (Fig. 3.21 A, middle panel, lane 3 and 4). The
top panel in Figure 3.21 A, representing a pull down using anti-TRIL antibody followed
by detection with anti-Flag antibody, indicates that a fairly strong interaction between
TRIL and TLR3 observed at the basal level (Fig. 3.21 A, lane 2), can be further enhanced
by stimulation with Poly(l:C) (Fig. 3.21 A, lane 4).

In order to confirm the co-IP analysis showing an increase in TRIL-TLR3
interaction upon stimulation with Poly(l:C), an additional densitometry analysis was
carried out using Imagel software. Generated relative intensity values were consistent
with the previous observation and further supported enhancement in TRIL-TLR3
complex formation following stimulation with Poly(l:C) (Fig. 3.21 B).

A time-dependent increase in TRIL-TLR3 interaction was also investigated by
qualitative and guantitative confocal microscopy studies. U373 cells stably expressing
TRIL-V5 were stimulated using Poly(l:C) for the indicated times, ranging from 1 h to 24
h. Cells were next fixed, permeabilised and stained using primary anti-TLR3 and/or anti
V5-FITC antibody followed by a secondary Alexa-647 antibody for TLR3 visualisation.
Qualitative analysis of generated images indicated an increase in TRIL-TLR3 co-
localisation (circled) during the time course (Fig. 3.22 A, small images). In order to
obtain a better quantification of the association between TRIL and TLR3, an additional
more rigorous quantitative study was carried out. An average of 18 images were
generated for each time point, in three independent experiments, and individually
analysed using the FluoView software. Background noise can be misleading and result
in false-positive co-localisation events, therefore prior to quantitative analysis a

background-correction was conducted (Fig. 3.22 A, large images). Generated images
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were further examined in order to establish average values for Pearson’s Correlation
Coefficient (PCC) and Overlap Coefficient (OC). PCC is a commonly used measure for
the correlation between two variables, in this case separate signals generated from
two channels, CH1 and CH2 corresponding to Alexa-647 and FITC, respectively. Values
assigned to correlation range from -1, indicating absolute exclusion, to +1 representing
perfect co-localisation, with 0 signifying random correlation. An Overlap Coefficient,
similarly to PCC, also quantifies correlation, but in contrast to Person’s Correlation
Coefficient it is strongly influenced by the ratio of CH1 to CH2 signals. Therefore OC
incorporate and analyse both the correlation and proportion between channels and
value them from 0, for low co-localisation to +1, for a strong interaction. Figure 3.22 B
representing average values of Pearson’s Correlation Coefficient and Overlap
Coefficient for each time point, demonstrates quite strong interaction between TRIL
and TLR3 at the basal level (both PCC and OC are close to 1) which is further enhanced
by Poly(l:C) stimulation in a time dependent manner, reaching statistical significance at
the 24 h time point, when compared to unstimulated cells.

In order to additionally characterise the extent to which the two signals (CH1
and CH2) overlap each other, an additional Overlap Coefficient (OC) value was
generated separately for both CH1 and CH2 channels. OC values ranging from 0 to 1
represent the ratio of CH1/CH2 and CH2/CH1 co-localisation for the CH1 and CH2
channels, respectively. As can be seen in Figure 3.22 C, the Overlap Coefficient for both
channels increases during the time course, reaching a value close to 1 upon 24 h
stimulation with Poly(1:C). This demonstrated that at the 24 h time point the ratios
between CH1/CH2 and CH2/CH1 were nearly equal, indicating that nearly all of the
TRIL and TLR3 positive signals were co-localised. All values generated by quantity

confocal analysis are presented in frames next to corresponding images (Fig. 3.22 A).
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Figure 3.21 Interaction between TRIL and TLR3 increases following Poly(l:C)
stimulation

A, U373 cells (0.2 x 10° cells/ml) were seeded in 10 cm dishes and left to rest for 24 h. Cells
were transfected with 3 pg of plasmid encoding TLR3-Flag. 48 h following transfection cells
were stimulated with 25 ug/ml Poly(l:C) prior to lysis. A portion of whole cell lysates was
removed from each sample and blotted for Flag-TLR3 (middle panel). The remainder was co-
immunoprecipitated for 24 h at 4°C with agarose beads pre-coupled with anti-TRIL antibody 24
h prior to use. Beads were washed three times and analysed by Western blot using either anti-
Flag (top panel) or anti-TRIL (bottom panel) antibody. B, An additional densitometry analysis
was carried out using Imagel) software to establish the intensity of bands indicating
endogenous TRIL-TLR3 Flag interaction prior to and following stimulation with 25 pg/ml of
Poly(l:C). Relative intensity values (arbitrary units) were calculated relative to time 0. Results
are representative of three separate experiments A, or represent as the mean value + SEM
generated from three independent exepriments B. *, p < 0.05.
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Pearson’s Correlation Coefficient (PCC)  0.794
Overlap Coefficient (OC) 0.795
Corelation Coefficient for chanel 1 (CO1) 1.0

Corelation Coefficient for chanel 2 (CO2) 0.935
Pearson’s Correlation Coefficient (PCC)  0.761
Overlap Coefficient (OC) 0.762
Corelation Coefficient for chanel 1 (CO1) 0.824
Corelation Coefficient for chanel 2 (CO2) 0.415
Pearson’s Correlation Coefficient (PCC)  0.891
Overlap Coefficient (OC) 0.892
Corelation Coefficient for chanel 1 (CO1) 1.0

Corelation Coefficient fo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>